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chapter 1 

General Introduction 

This thesis treats a number of experiments that have been performed using Me

chanically Controllable Break (MCB) junctions. These junctions enable one to do 

experiments with two clean electrodes of the same material that are held in a highly 

stable configuration where the distance between the two electrodes can be very accu

rately set, and can be varied in a continuous way [see Fig. 1.1(e)]. Thus, it is possible 

to realize contacts with very small diameters, and even of the size of a single atom. It is 

also possible to bring the electrodes in very close proximity without achieving contact, 

at such small separations that the quantum-mechanical probability for an electron to 

penetrate the potential barrier between the two electrodes is sufficiently large, and a 

measurable electron tunneling current will flow from one electrode to the other when 

a bias voltage is applied over the two electrodes. 

The regime of very small contacts, the so-called point contacts (PC's), with a 

diameter that is typically smaller than the inelastic electron mean free path length, 

has been widely explored since the pioneering experiments of Yanson [1] who studied 

the non-ohmic behavior of 7-V characteristics of short-circuited metal-insulator-metal 

tunnel junctions [Fig. 1.1(a)]. He found that the point-contact spectrum, the second 

derivative d2V/dI2 of the voltage V with respect to the current ƒ as a function of V, 

contained structures which coincided with the Eliashberg function α2(ω)¥(ω) for the 

interaction between electrons and phonons. This direct measurement of the electron-

phonon interaction (EPI) spectrum has become the most well-known application of 

PC spectroscopy [2,3], but the method has been used for successful investigations of 

many other electron scattering phenomena [4]. The vast majority of these results was 

obtained with PC's in the so-called spear-anvil geometry [Fig. 1.1(b)], first explored by 

Jansen, Muller, and Wyder [5], where a sharply etched whisker is pressed onto a flat 

surface. In another technique, the sharp edges of two conducting wedges were brought 

into contact by gently sliding them across one another [Fig. 1.1(c)]. The stability of 

the PC's created using these techniques relied to a large extent on the presence of an 

1 
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(a) (b) (c) (e) 

Figure 1.1: Different methods to create point contacts, (a) Short-circuited MIM tunnel 
junction, (b) spear-anvil configuration, (c) wedge-wedge, (d) nanoconstriction, and (e) 
mechanically controllable break junction, [(a)-(c) after Ref.2, (d) after Ref.Sf 

oxide layer which had to be penetrated before achieving contact, thus leading to a 
contact configuration which has a supporting 'ring' of insulating metal-oxide around 
the contact area. 

A few years ago, two new techniques to make PC's were put forward. One of them 
is the already mentioned MCB junction technique [6], which will be described in detail 
in Chapter 3 [see also Fig. 1.1(e)]. The other involved nanolithographic techniques to 
pattern a small hole into a silicon nitride membrane, after which metal was evaporated 
from both sides, thus creating extremely stable and rather high quality point-contact 
devices [7,8], the so-called nanobridges or nanoconstrictions [Fig. 1.1(d)]. The electrical 
and mechanical stability of these devices, combined with the fact that in a point-contact 
measurement a volume of the size of the contact diameter is probed, opened the op
portunity to study electrical properties of metals on a very small scale. The reversible 
motion of an atomic-scale defect, which is sometimes present in the constriction re
gion, could be observed directly as a telegraph-noise-like fluctuation of the nanobridge 
resistance [7-9]. Such fluctuations were later also observed using a pressure-type point 
contact where a very sharply etched Ag needle was pressed in a thin Ag film [10]. 
The reversible motion of a defect between two metastable configurations is a physi
cal manifestation of the concept of two-level systems (TLS's) or two-level fluctuators 
(TLF's). The presence of TLS's in the constriction region has also been predicted to 
affect the point-contact conductivity in the region of small bias voltages [11,12]. The 
latter has been the subject of several experimental studies [13-16] and will be discussed 
in Chapters 4 and 5 of this thesis. 

Another regime that can be studied with an MCB junction is the electron tunneling 
regime. Electron tunneling already has found an important application with the inven
tion of the Scanning Tunneling Microscope (STM) by Binnig and co-workers [17]. This 
device utilizes the strong dependence of the probability of an electron to penetrate the 
potential barrier constituted by the vacuum gap between the two electrodes (and thus 
of the magnitude of the tunnel current) on the electrode separation to obtain topo
graphic images of conducting surfaces with atomic resolution. These images reflect the 
topographic variation of the electronic density of states at the sample surface, which 
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has the same periodicity as the atomic surface structure for flat surfaces of simple 

metals. 

Usually, an exponential dependence of the tunnel current on the electrode separation 

is assumed. A deviation from this relationship may lead to a distortion or a false 

interpretation of measured STM images. Such deviations may occur as a result of 

certain electrode geometries or of forces between the outermost atoms of the electrodes 

at very small distances, but can also be caused by the presence of adsorbed atoms 

in the tunneling space. The stability and adjustability of a MCB junction makes it 

a perfect tool to study the electron tunneling between two metallic electrodes as a 

function of electrode separation without having to average over a large number of 

measurements. Deviations from an exponential dependence of the tunnel current on 

the electrode separation due to electrode geometry and interelectrode forces are the 

subject of Chapter 6. Chapter 7 addresses a number of very interesting results on 

the effect of adsorbed He on the tunnel current between the two metallic electrodes 

of a MCB junction. But first some of the basic theoretical concepts of point-contact 

spectroscopy, two-level systems, and electron tunneling will be discussed in Chapter 2. 
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chapter 2 

Theoretical Introduction 

This chapter provides a theoretical background for the experiments that will be 
discussed in this thesis. Section 2.1 is an introduction to the physics of usual point 
contacts, while Section 2.2 discusses the behavior as the contact size is reduced to 
atomic dimensions. The tunneling of electrons through a potential barrier between 
two metallic electrodes is the subject of Section 2.3 which serves as a theoretical intro
duction to the experiments presented in Chapters 6 and 7. Section 2.4 describes the 
concept of two-level systems which plays an important role in the point-contact studies 
presented in Chapters 4 and 5. 

2.1 Point-contact spectroscopy 

The theory of point-contact spectroscopy (PCS) has been discussed in detail by Kulik, 
Omel'yanchuk, and Shekhter [1], and by Jansen, van Gelder, and Wyder [2]. Here 
some of the basic aspects of point contacts will be described. 

A point contact is usually modeled as a circular opening with a diameter d in an 
infinitely thin flat screen that separates two metallic half-spaces [see Fig. 2.1(a)]. This 
screen cannot be penetrated by electrons. When d is much smaller than the electron 
mean free path length £, the conduction electrons can pass through the orifice without 
being scattered. The resistance Rs of a contact in this regime of ballistic electron 
transport was first considered by Sharvin [3], and is given by 

RS~^P
 ( 2 Л ) 

where ρ oc ì/£ is the resistivity of the material under study. Note that Rs is independent 

of the mean free path I. 

When one writes down the Boltzmann kinetic equation for the electron distribution 

function and solves it first for the case of absence of electron collisions, the electrostatic 

5 
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- 3 d - 2 d - d 0 d 2d 3d 

(a) (b) 

Figure 2.1: (a) A point contact modeled as an orifice with diameter d in a screen 

between two metallic half-spaces, (b) Electrostatic potential Φ along the axis of the 

point contact as a function of the distance to the contact center, in the ballistic (solid 

line) and diffusive (dashed line) regimes of electron transport. 

potential Φ can be found using the condition of charge neutrality [1]. Setting the 

potential to zero at the origin which is located at the contact center, and to ±eV/2 

far away from the contact (V being the bias voltage that is applied across the ballistic 

contact), Φ is given by 

Ф(г) = ± 
eV 

1 -
ΩΟ(Γ) 

2тг 
(2.2) 

with г the distance to the origin, and ΩΟ(Γ) the solid angle at which the constriction is 

seen from the position r. The sign is positive (negative) for the positively (negatively) 

biased side of the contact. The potential Φ is found to drop almost completely within 

a distance of the order of d from the center of the constriction. This is illustrated by 

Fig. 2.1(b) [solid line] where Φ along the axis of the PC, given by 

Ф(г) 
eV 

2 y/z* + (d/2y 
(2.3) 

is sketched as a function of the distance ζ to the contact center. A ballistic PC therefore 

effectively probes a very small volume 4π(/3/3. This volume is « 1000 nm 3 for a 30-Ω 

Cu point contact with a diameter of about 6.3 nm [4], which (using an interatomic 

spacing of 0.3 nm) corresponds to approximately 40000 atoms. Smaller contacts probe 

an even smaller amount of atoms (6500 for Rs = 100 Ω). 

Electrons that pass ballistically through the contact are accelerated and gain an 

excess energy ε = eV. This leads to the situation that electrons that have a velocity 

ν directed within the solid angle under which the orifice is visible from a certain point 

have a maximal energy (at T = 0 ) that differs by eV from the maximal energy of the 
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Figure 2.2: Electron energy distribution at three different points for a point contact 

in the ballistic electron transport regime. The dashed lines indicate the Fermi sphere 

for all locations. The shifts in the anisotropic electron energy distributions have been 

strongly exaggerated. 

other electrons. At the positively biased side of the contact (right side of Fig. 2.2), 

an excess distribution of electrons in momentum space in the solid angle subtended 

by the constriction is found, while at the negatively biased side, a reduction of the 

electron distribution occurs in this solid angle. At the constriction center, the electron 

distribution in fc-space is described by two hemispheres whose radii correspond to 

energies ε F + e V/2 and ε F — eV/2 (Fig. 2.2), with ε F the Fermi energy. 

The strongly anisotropic electron energy distribution sketched in Fig. 2.2 and the 

potential Φ from Eq. (2.2) for a situation where no electron scattering occurs are 

both changed as soon as electrons are elastically or inelastically scattered. However, 

as long as the effective mean free path I traveled by an electron between collisions, 

t~x — £~l + ^ _ 1 , remains much larger than the contact diameter, the electron transport 

is still ballistic. 

A small part of the electrons that have been injected from one metal side into the 

other are scattered in such a way that they fly back through the constriction [1,5]. This 

effectively causes a reduction of the current and thus a decrease of the point-contact 

conductivity. Electrons can loose their excess energy in inelastic scattering processes, 

e.g., by generating phonons. The scattering probability for these processes depends on 

the electron energy, which leads to a bias voltage dependence of the backflow current. 

The nonlinear current-voltage characteristics of point-contacts therefore contain spec

troscopic information on inelastic electron scattering processes. Elastically scattered 

electrons can also flow back through the constriction, but since these scattering pro

cesses do not depend on the electron energy they will in principle merely reduce the 

current through the PC without contributing to its nonlinear behavior [6]. 

The influence of inelastic scattering processes on the PC current-voltage character

istics can be evaluated by solving the Boltzmann equation for the PC problem without 

discarding the collision term. If one only takes single-phonon scattering processes into 
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Figure 2.3: Point-contact spectrum of α 32-Ω, Си junction at Τ = 1.3 Λ'. The mea

sured spectrum (solid line) can be separated into a contribution due to the electron-

phonon interaction (short-dashed line) and a background (long-dashed line) described 

by Eg. (2.5). The EPI contribution has been shifted vertically for clarity. The struc

ture at biases of 16 20 mV and about 30 mV correspond to the inelastic scattering of 

electrons at transversal and longitudinal acoustic phonons, respectively. 

account, the point-contact spectrum (second derivative of current to voltage) can be 

shown to be of the form [1] 

d2 Î 7ΓΡ3 

_ ( ) а - х П н г Л Г ( 0 ) а 2 ^ ( е ) (2.4) 

where íiefr = d3 /3 is an effective volume in which phonon generation takes place and 

І (0) is the density of states at the Fermi level. The point-contact electron-phonon 

interaction (EPI) function a2Fp(e) differs from the Eliashberg EPI function a2F(e) by 

a factor that takes into account the transport efficiency for electrons with a certain 

velocity and angle of incidence on the contact plane. An example of a PC spectrum 

measured at a copper point contact is displayed in Fig. 2.3. In the spectrum, two 

peaks are clearly present at V—16-20 mV and about 30 mV, corresponding to the 

inelastic scattering of electrons at transversal and longitudinal acoustic phonons in Cu, 

respectively. Above the Debye energy €Q the phonon density of states disappears and 

the function α2Ερ(ε) is expected to be zero. The PC spectrum, however, saturates at a 

non-zero value, which is due to the presence of a background signal. This background 

is generally understood to be caused by the scattering of electrons by non-equilibrium 

phonons present in the system close to the contact. Empirically, the background B(V) 

was found to be described best in most cases [7] by 

B(V 
Jo 

eV c*'Fp(e) 
de (2.5) 
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where the constant С is adapted in such a way that the background is equal to the PC 

spectrum for eV > £D· (see Fig. 2.3) 

2.1.1 Diffusive and thermal regimes of electron transport 

The possibility to do spectral studies of inelastic electron scattering processes using 
ballistic point contacts results from the strongly anisotropic electron energy distribution 
depicted in Fig. 2.2. This strong anisotropy disappears when the electrons have a high 
probability to be scattered in the proximity of the contact, i.e., when the electron 
mean free path is of the order of, or much smaller than, the contact diameter. In 
the limit where t <C d (the dirty, thermal, or Maxwell regime), the electrons will be 
scattered in the vicinity of the contact and will loose their excess energy there. This 
leads to an increase of the temperature at the contact center, in contrast to the ballistic 
regime where the electrons loose their excess energy at a relatively large distance from 
the contact in the leads which act as a heat sink. The resistance of a contact in the 
thermal regime was already calculated by Maxwell [8] and is given by Ru — p/d. By 
measuring the PC resistance as a function of applied voltage in this regime, one roughly 
speaking studies the temperature dependence of the resistivity of the PC material [9]. 

Contacts that are in an intermediate regime between the ballistic and the ther
mal ones have a resistance that is given by an interpolation [10] between the Sharvin 
resistance Rs and the Maxwell resistance RM* 

with r(f/d) a slowly varying function of order unity. 
A regime of special interest is the one where the elastic scattering length £e is 

smaller than the contact diameter, but where the diffusion length Л = (£\£е)
1^2 for 

inelastic scattering still exceeds the contact dimension. In this case, the contact is 

not heated, and the electrons are again able to gain an energy up to eV because the 

main drop of the electrostatic potential still occurs within a distance « d from the 

contact area [Fig. 2.1(b), dashed line]. The electron energy distribution is now much 

less anisotropic, but it is still possible that electrons return through the contact after 

losing their excess energy in an inelastic scattering process. In the electron energy 

distribution, all states below ep — eV/2 are occupied, while the ones above ερ — eV/2 

are all empty. Inelastic scattering processes can only take place between states that 

are part of the only partially occupied intermediate layer. Because this layer has a 

well defined energy width of eV, the maximum energy of the emitted phonons (or 

other quasiparticles) can be well controlled. It is therefore still possible to obtain 

energy-resol ved information about the inelastic scattering of electrons. The features 

of the spectrum, however, are smeared out, and the intensity of the signal is reduced. 

The latter is due to the fact that, because of the strong elastic scattering, inelastic 

backseat tering processes that occur at distances farther than « te from the constriction 

will be less effective. Hence, the effective volume Oeff for the inelastic backseat tering 

(2.6) 
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processes can be approximated by a disk with a diameter d and a thickness t€. The 

intensity of the spectrum is therefore of the order of £e/d smaller than in the case of 

ballistic electron transport. 

2.2 Extremely small contacts 

The behavior of point contacts changes drastically when their size is reduced to atomic 
dimensions. The contact size is then of the order of the Fermi wavelength Ap of the 
electrons for normal metals (λρ ~ 5 A), so the electron transport through such a con

striction has to be treated quantummechanically. The number N of different modes of 

the electron wave function that fit the boundary conditions imposed by the constriction 

geometry depends on the dimensions of the contact perpendicular to the direction of 

current flow. The Landauer formalism [11,12] indicates that each of these propagating 

one-dimensional electron modes constitutes a conductance channel with a quantized 

conductance Go = 2e2/h « 0.775 · 10~ 4 Ω _ 1 . The conductivity of an ideal contact 

constituted by N of these channels in parallel is then 2Ne2/h. (The transmission 

probability through an allowed mode may be smaller than one due to backseat tering 

inside the constriction at impurities or channel wall irregularities [12], leading to step 

sizes that are not exactly equal to 2e2/h.) If one smoothly decreases the size of the 

constriction, each decrease of the number of transverse modes that fit the constriction 

leads to a discrete reduction of the contact conductivity. One would therefore expect 

to see a step-like decrease of the current through a very small contact between two elec

trodes when one gradually pulls these electrodes apart. This behavior has indeed been 

observed in several experiments, both at low [13-15] and room [16-20] temperatures. 

The resistance plateaus at values of about h/2e2 and h/Ae2 in Fig. 2.5 are examples of 

the electron transport through a single-atom contact and will be discussed in Sec. 2.3. 

Unfortunately, the size of the contact between two metal electrodes cannot be re

duced in a continuous manner. When two electrodes are pulled apart, the size of the 

contact will be decreased through abrupt structural changes [21,22,24,25]. These dis

crete atomic reductions of the contact size in itself lead, even in the classical limit, to a 

step-like decrease of the conductivity of the contact. Because λρ is of the order of the 

atomic size for a normal metal, these conductance steps may be of the same magnitude 

as the ones expected due to the finite number of allowed electron modes for a small 

contact. 

When studying individual jumps in the conductance, three different types can 

be identified: abrupt jumps showing hysteresis as a function of electrode separation, 

abrupt jumps without such a hysteresis, and a gradual crossover between two plateaus 

in the conductance [26]. When the junction was set at the exact location of a jump 

without hysteresis, or in the region of a gradual crossover, recordings of the conduc

tance as a function of time displayed jumps between two values of the conductance 

corresponding to the plateaus before and after the jump or crossover [13,26]. This 

behavior can best be modeled by reversible transitions between two metastable con-
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tact configurations constituting of different numbers of atoms, thus supporting the 
interpretation of the conductance steps as being due to abrupt, atomic decreases of 
the contact size [22]. Further corroboration can be found in experiments by Rubio, 
Agraït, and Vieira [23,24]. They simultaneously measured the mechanical force and 
and the conductance during the formation and rupture of an atomic-sized gold contact 
and showed that the stepwise variation of the conductance was always due to atomic 
rearrangements in the contact. 

Measurements of Krans and van Ruitenbeek [27] of the conductance of atom-sized 
contacts between two electrodes of the semimetal Sb as a function of electrode sep
aration displayed discrete steps at values much smaller than 2e2//i. Sb has a rather 
large Fermi wavelength (Ap « 55 A), and when the constriction is so small that Ap 
exceeds the contact dimension, it is no longer in direct electrical contact (even though 
mechanical contact still exists) and electron transport between the two electrodes takes 
place via electron tunneling through a potential barrier (see Sec. 2.3). The very small 
discrete conductance steps then result from atomic reductions of the contact size which 
lead to a smaller tunnel area and a smaller tunneling probability for the electrons [27]. 

The evidence presented above strongly suggests that the steps in the conductance of 
very small contacts originate from abrupt atomic changes of the contact size. Therefore, 
one measures the conductance not as a function of a continuously varying contact size, 
but only for a series of different discrete values of the contact area. Estimations show 
that the area variation connected to the addition or removal of one atom is smaller than 
the area needed to open or close a conductance channel [28]. Therefore, if conductance 
quantization were present, one would expect that it determines the conductance values 
of the different plateaus to a high degree. This was studied by counting the number of 
measured datapoints present in successive, equally spaced narrow conductance intervals 
of measured conductance traces. These results were then summed for a large number 
of measurements. The latter is necessary because the measured conductance traces 
are generally not equal due to variations in the exact contact geometry on an atomic 
scale. By summing over many traces, a wide range of probed contact sizes is taken 
into account. 

Krans et al. [28] found clear maxima at 1,3, 5, and 6 times 2e2/h for 105 traces 
taken on two Na samples at Τ = 4.2 К, whereas no maxima were present at 2 and 4 

times this value. This characteristic sequence was predicted theoretically [29-31] for 

electron waves passing through a long cylindrical contact between two electrodes. The 

cylindrical symmetry causes a twofold degeneracy of a part of the possible electron 

modes, and thus the conductance increases in steps of one or two times 2e2/h in 

the sequence 1, 3, 5, 6, 8, . . .conductance quanta. The step-like behavior smears 

out for more realistic contacts that narrow down towards the midpoint between the 

two electrodes [31], but for opening angles below 45° the characteristic sequence is 

still resolvable. The perfect agreement between theory and experiment leaves little 

doubt that for Na, the magnitude of the conductance at the plateaus is determined 

by conductance quantization. The result for Cu in [28] was less clear than for Na, 

probably due to differences in electronical and mechanical properties. Still, the peak 
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at 2 times 2e2//i was absent between well-resolved maxima at 1 and 3 times this value, 

again indicating that conductance quantization determines the conductance values at 

the different plateaus. 

The same analysis applied to room temperature results showed the presence of 

maxima around all integer values (up to four [16,19] or five [20]) of the conductance in 

units of 2e2/h. At room temperature, the kinetic energy of the atoms is so large that 

the contact can probe several different configurations to find the energetically most 

favorable one. The neck between the two electrodes then tends to be of a much more 

regular structure [25], which improves the conditions for the observation of conductance 

quantization. Indeed, the room-temperature results show clearer signs of conductance 

quantization than the low-temperature results [20]. The presence of maxima at 2 and 

4 times 2e2/h may indicate that the preferred contact shape is not a cylindrical one. 

However, this point as yet needs to be studied more deeply. 

2.3 Electron tunneling 

Classically, no electrical current can flow between two electrodes that are separated by 

some kind of insulator (e.g., vacuum). A quantummechanical treatment of a system of 

two conducting electrodes separated by a potential barrier gives an exponential decay 

of the electron wave functions into this barrier. When the barrier is thin enough, the 

wave functions can penetrate into the other electrode, and there is a nonzero probability 

for electrons with an energy below the barrier height to pass to the other side of the 

barrier. When a bias voltage V is applied to the two electrodes, this so-called electron 

tunneling process gives rise to a tunnel current Ij which strongly depends on the width 

and height of the potential barrier between the two electrodes. 

The tunnel current can be restricted to a very narrow channel by shaping one 

of the electrodes into a needle ('tip') that is sharp even on an atomic scale. The 

strong sensitivity of the tunnel current to the barrier width can then be utilized to 

study the surface structure of the other electrode ('sample1) locally by recording the 

tunnel current while moving the tip in a plane parallel to the sample surface. This 

is the current-imaging mode of the so-called scanning tunneling microscope (STM), 

an instrument that has found a steadily growing scope of applications in the field 

of spectroscopic and topographic studies of (semi-)conducting materials [32] since its 

introduction in 1982 by Binnig, Rohrer, Gerber, and Weibel [33,34]. Another, much 

more common mode of STM operation is the constant-current mode where a control 

unit that regulates the tip-sample distance by applying a voltage over a piezo-element 

connected to the tip maintains the current between the electrodes at a preset value 

while the tip is scanned along the sample surface. 

The tunnel current through a rectangular planar barrier with width s and height 

φ is proportional to the applied voltage V (for е <^ф) and decays exponentially as a 
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Figure 2.4: Schematic drawing of the tunnel barrier in a trapezoidal approximation 

to incorporate effects of difference in work function and the applied bias voltage. In 

reality, the barrier is rounded. 

function of 5 [33], 

Ут oc V exp (-fv^) (2.7) 

with m the electron mass. A more detailed treatment of the electron tunneling process 

should, apart from the three-dimensional geometry of the STM configuration, incorpo

rate several other aspects. First of all, the surface charge that is built at one electrode 

in reaction to the tunneling of an electron from the other electrode (image potential) 

should be considered. Furthermore, the asymmetry of the potential barrier due to dif

ferences in work function for the two electrodes and the applied bias voltage should be 

accounted for (see Fig. 2.4). Also, the electronic structure of the two electrodes may 

play an important role. An evaluation of these aspects shows that they hardly change 

the exponential decay given by Eq. 2.7, but that some prefactors appear which may be 

bias voltage dependent [35]. The tunnel current is therefore often approximated by 

/ T = VC(V)exp (-|v«) (2.8) 

with C(V) a prefactor that describes possible deviations from Ohm's law. é is now 

the averaged barrier height for which usually the averaged work function for both 

electrodes is taken. Equation (2.8) is valid in the conventional tunneling regime where 

the electrode separation is large enough to treat the electrodes as (nearly) independent. 

For vacuum tunneling between normal metals at not too high bias voltages (eV<^</>, 

е <^ер), the prefactor C(V) can be taken constant. For common values of φ of about 

5 eV, a displacement of 1 Â corresponds to a variation of Ij by a factor of ten. The 

exponential behavior described by Eq. (2.8) is demonstrated by curves (1) and (2) of 

Fig. 2.5 where the tunnel current between the two electrodes of Al and Pt mechanically 

controllable break junctions is plotted on a logarithmic scale as a function of the voltage 

applied to a piezo element. The displacement of the two electrodes with respect to each 

other is proportional to this piezo voltage. Clear exponential decay of the tunnel current 

is visible over more than four decades. 
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Figure 2.5: Tunnel resistance of Al (1,3), Pt (2,4,5), Ptlr (6), and Au (7) mechanically 

controllable break junctions as a function of the electrode separation (T = 4.2 K). At 

small separations, a sudden jump to a one-atom contact with a conductance of about 

2e2/h occurs for the Al junctions, while the Pt(Ir) junctions have about twice this 

conductance value. Curves (l)-(4) display a clear exponential dependence, with a faster 

than exponential decrease of the tunnel resistance shortly before the jump to contact 

occurring in curves (3) and (4). This can be attributed to attractive forces between 

the foremost atoms of the two electrodes. Curves (5) and (6) show deviations from 

exponential behavior over the whole resistance range, connected to the specific electrode 

geometries. The deviation in curve (7) is caused by the presence of adsorbed He at the 

electrodes. For clarity, the horizontal axis has been rcscaled for the different curves. 

When the electrodes are so close together that a considerable overlap between the 

electron wave functions for the two electrodes is present, the independent electrode 

approximation is no longer valid. Tekman and Ciraci [36] studied the tunnel current at 

small separations starting from a realistic potential, including ion-ion and electron-ion 

interactions between the two electrodes. They found that the tunnel current could still 

be described by Rq. (2.8), albeit that an effective barrier height óeff had to be used. 

This фей was found to depend on the exact site at the sample surface. Therefore, the 

increase of the tunnel current with decreasing electrode separation differs for different 

sites, which may explain the anomalously high corrugations that have been observed 

in topographic images of Al [37,38] and Au [38,39]. 

At very small separations, adhesion forces between the foremost atoms of the twro 

electrodes pull these atoms out of their equilibrium position, thus reducing the effective 

barrier width. This leads to a faster than exponential increase of the tunnel current as 

the electrode separation is decreased, visible in curves (3) and (4) of Fig. 2.5 (see also the 

work of Krans and co-workers [15]). At a certain point, the adhesion forces have grown 

7Г 
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so large that the electrode-electrode configuration becomes mechanically unstable, the 

electrode surfaces collapse, and a connective neck is formed between the two electrodes 

on a very short ( « 100fs) timescale [40,41]. This (inevitable) avalanche appears in 

the curves of Fig. 2.5 as a sudden jump to a one-atom contact with a resistance of 

about 13 кП for Al, and 6-7 kQ for Pt and Ptlr . This difference is probably related to 

a difference in electronic structure for these metals [15]. 

The exact geometry of the electrode-electrode configuration also has an influence 

on the tunnel current. In STM experiments one may obtain images without atomic 

resolution or very distorted images when the tip has an unfavorable shape. Model 

calculations [42] have demonstrated that the images obtained using an STM can un

dergo considerable changes when the shape of the tip is varied. Laloyaux et α/. [43] 

calculated the current flow for various tip-sample configurations which modeled sharp 

and blunt tips above a flat sample and samples with a dip or bump at the surface by 

solving the exact Schrödinger equation using a numerical method. Their results show 
that for certain geometries, the tunnel current may display deviations from exponen
tial dependence on the electrode separation over more than four decades of the tunnel 
current, in contrast to deviations due to electrode-electrode interactions which were 
found to be apparent over less than two decades before the jump to contact, both in 
experimental [15,38,44,45] and theoretical [46-48] studies. The different types of non-
exponential behavior predicted by the calculations of Laloyaux et ai [43] are indeed 
sometimes observed in / T ( ¿ 0 measurements using mechanically controllable break junc
tions [49]. Curves (5) and (6) of Fig. 2.5 are examples of such observations. However, 
similar non-exponential behavior may occur when one is moving a tip towards a sur
face that is rather rough on an atomic scale. The shortest distance from tip to surface 
(highest tunneling probability) may then very well be not perpendicular to the large-
scale surface plane, and a part of the surface corrugation can enter the /т(з)-сиг е. 

The same can happen when one does not approach the surface perpendicularly. 

Electrons which occupy states with an energy between ep — eV and ε? at the 

positively biased electrode can tunnel to empty states at the other electrode between 

ερ and cF+e V. The electronic structure of the two electrodes is therefore also important 

for the electron tunneling process, as was stated above. This can be described in a 

somewhat simplified manner by the expression [50] 

h oc / de Di(e - eV) D2(e) exp І- — у/2т[ф + eF - ε + e V] J (2.9) 

where Di and D2 are the electron density of states (DOS) of the two electrodes, which 

can be taken constant for small biases when normal metals are considered. Strong 

(local) variations of the DOS as a function of electron energy at one of the electrodes 

are directly reflected in spectroscopic /T(V/)-measurements. For instance, the presence 

of a localized surface state that gives rise to a high tunnel probability for electrons 

with a specific energy can be directly observed in spectroscopic dl/dV measurements 

(see e.g. [51]). A consequence of Eq. 2.9 is that an STM, in fact, probes the charge 
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distribution at a sample surface rather that the real atomic-scale topography. These 

are, however, almost equal for normal metals. 

Calculations by Lang [52] have shown that the presence of adsorbed atoms at a 

sample surface lead to changes in the sample DOS at the adsorption site. The adsorp

tion of metallic atoms leads to an increase of the local DOS, which explains why they 

can be observed as a protrusion at the sample surface. Surprisingly, adsorbed helium 

is found to reduce the DOS locally. This has been used to explain the anomalous tun

nel current versus distance dependence of mechanically controllable break junctions of 

several metals that was found when measurements were performed in a He gas environ

ment at low temperatures [53]. Curve 7 of Fig. 2.5 is an example of such a dependence, 

which will be discussed in detail in Chap. 7. 

A very interesting effect can be observed when a tunnel junction has a very small 

intrinsic capacitance C. An applied bias voltage induces a charge Q = CV on the 

electrodes which leads to an electrostatic energy E = Q2/(2C). When \Q\ < e/2, the 

change in charging energy caused by a tunneling event will always be positive. Such 

an event will therefore be prohibited [54] when thermal fluctuations are too small to 

overcome the charging energy (квТ<^Е). Hence, this so-called Coulomb blockade leads 

to a strong reduction of the conductivity of the tunnel junction around zero bias. 

2.4 Two-level systems 

A liquid that is cooled sufficiently rapidly to avoid crystallization goes over to a highly 

disordered solid state that is called the glassy state. This amorphous state can also be 

reached using other techniques, like deposition from the vapor, or the destruction of 

crystalline order by irradiation by ions or electrons or by heavy mechanical work [55]. 

The amorphous configuration is far away from the crystalline ground state and is 

characterized by a rather high energy. Numerous energetically equivalent configurations 

exist, but most of them require a very comprehensive reconfiguration which makes 

a crossover virtually impossible. However, there should also be some states present 

that can be reached within an experimental time scale. A crossover to such a state 

(via tunneling, as the potential barrier is much higher than the thermal energy at low 

(~ 1 K) temperatures [56]) will most probably occur as a local rearrangement of a small 

group of atoms. Within this picture, the existence of so-called two-level (tunneling) 

systems (TLS's) or two-level fluctuators (TLF's) can be quite naturally explained from 

reversible switching between two closely related atomic configurations. The concept 

of TLS's was initially brought forward to explain the anomalous behavior of the low-

temperature heat capacity and thermal conductivity of insulating glasses [57,58] but 

was also very successful in describing its elastic properties [59,60]. 

A TLS can be described by a double well potential with a barrier height U, a sepa

ration d, and an asymmetry energy Δ (see Fig. 2.6). Using the wave functions obtained 

by solving the Hamiltonians for both wells separately as basis states, the Hamiltonian 

for the double well problem can be solved [56,60]. The overlap of the wave functions 
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Figure 2.6: Double well potential describing a TLS. Indicated are the barrier height U, 

the separation d, the asymmetry energy Δ, and the tunnel energy Δο· 

for the two wells gives rise to a tunnel splitting Δο = h(ì exp{—d(2mU/h2y/2}, with 
hSl approximately equal to the average of the energy eigenvalues associated with eigen-
states of the separate wells and m the mass of the tunneling particle(s). The energy 
splitting between the two lowest states of the double well potential is then given by 
Ε = ( Δ 2 4- Δ2))1/2 and is typically of the order of 0.1 meV for a TLS in an amorphous 

metal [60]. 

The presence of TLS's in a conducting material may also affect its low-temperature 

electronic (transport) properties. The interaction between conduction electrons and 

TLS's has been the subject of some theoretical studies. Vladar and Zawadowski [61] 

devised a model to describe the low-temperature behavior of metallic glasses. In this 

model, the defect motion associated with the TLS affects the localized potential acting 

on the electron gas which gives rise to the buildup of an electronic screening. The move

ment of this charge screening cloud becomes highly correlated with the TLS motion at 

low temperatures, and a bound state is formed below a certain crossover temperature. 

This causes an increase of the resistivity with decreasing temperature. The formalism 

of this model is analogous to the one describing the Kondo problem [62] for a mag

netic impurity in a metal, where the impurity spin is completely screened by the spin 

polarization of the conduction electrons. 

Kozub and Kulik [63] considered the elastic scattering of electrons on TLS's present 

in the vicinity of a point contact. Considering that the elastic scattering cross sections 

for the two states may very well be different, an effective time-averaged scattering 

cross section for a TLS can be defined which depends on the average times spent 

in both states. The latter depends both on temperature and on the local electrical 

potential (determined by the bias voltage applied to the point contact) at the TLS 

site. The double well potential describing the TLS is tilted by the local potential, 

which changes the population distribution over the two levels and, therefore, leads to 
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Figure 2.7: Two-level fluctuation of the tunnel resistance Rj of two closely spaced 

metallic electrodes in a low-pressure 4He gas environment (RT = 277 ΜΩ, T=1.2K). 

The jumps are attributed to the motion of a He atom in its double well adsorption 

potential. 

a voltage-dependent scattering cross section. In.this model, either a maximum or a 

minimum in the resistivity is expected around zero bias. 

The temperature and bias voltage dependencies predicted by these two models 

resemble each other to some extent. The effect of the interaction between conduction 

electrons and TLS's for point contacts of copper films and metallic glasses is the subject 

of the studies presented in Chap. 4 and 5. 

It should be noted that TLS's are not only restricted to amorphous metals. The 

presence of some sort of short-range disorder combined with bonding constraints may 

suffice as a condition for TLS formation. For instance, a lattice defect in a crystalline 

material may also find itself switching between two metastable configurations. In fact, 

the well-known 1//-noise is nowadays contributed to such defect motion for the case 

of metals [64]. This was demonstrated in experiments on clean metallic nanobridges 

where the noise always had a l / / character for samples with relatively large constriction 

diameters [65]. For sufficiently small samples, the small size of the volume probed by 

the point contact provided the opportunity to resolve the individual contributions to 

the noise as discrete fluctuations of the nanobridge resistance which could be attributed 

to the presence of one or a few TLS's [66,67]. 

Two-level systems are nowadays encountered in a wide range of fields. An (arbitrar

ily chosen) example is the presence of metastable states in complex protein molecules 

that show glass-like dynamical properties at low temperatures [68]. Another example 

are the jumps between two discrete values of the tunnel current that occurred due to 

the motion of a He atom caught in the double well adsorption potential that exists for 

certain separations of the two metallic electrodes of a mechanically controllable break 

junction [53]. An example of these two-level fluctuations, which will be discussed in 

detail in Chap. 7, is shown in Fig. 2.7. 
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chapter 3 

Mechanically Controllable Break 
Junctions: Sample Design and 

Experimental Setup 

The principle of the mechanically controllable break junction technique is discussed. 
The experimental setup that has been used for the experiments presented in this thesis 
is described. The mechanically controllable break junction technique has been adapted 
for use with thin metallic films. The obtained point contacts and tunnel junctions are 
found to be of good quality and very high stability. 

3.1 Introduction 

Mechanically Controllable Break (MCB) junctions were first explored by Muller and 
co-workers [1,2], who developed them as an extension to Moreland and Ekin's break 
junction technique [3]. The principle behind these techniques is basically very simple. 
A filament of some sample material is anchored at two points to a flexible glass beam, 
and can be broken by bending this beam. By breaking at low temperatures, in vacuum 
or a helium atmosphere, the freshly created electrodes can be kept very clean. The rigid 
mounting of the filament ensures a high sample stability. The electrode separation, or 
the size of a contact between the electrodes, can be accurately adjusted by means 
of the bending force applied to the beam. The disadvantage of Moreland's concept 
that only brittle materials could be broken was overcome by the sample preparation 
technique suggested by Muller [2], and it became possible to create break junctions 
of ordinary metals. This was further facilitated by the introduction of less fragile 
phosphor-bronze bending beams [4] covered with an insulating layer of kapton foil. 
The name Mechanically Controllable Break junction was chosen to emphasize the wide 
range over which the resistance can be controlled, and to avoid confusion with weak 

23 
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Figure 3.1: Design and principle of a Mechanically Controllable Break junction. 

links between broken pieces of ceramic high-Tc materials that are also often referred to 

as "break junctions". 

The strength of the MCB technique lies in the possibility to have two clean elec

trodes, held in a highly stable configuration, with an electrode separation or contact 

size that can be varied gradually in a very controlled manner. This has provided the 

opportunity to explore e.g. the transition from weak link to tunnel junction [2], and 

to study the conductance characteristics of contacts of atomic size [5,6]. 

In this chapter, the original MCB junction sample design, based on a metallic 

filament, is discussed first, followed by a description of the different setups used for 

the experiments described in this thesis. The last section concerns an adaption of the 

MCB technique which enables us to create extremely stable point contacts (PC's) and 

tunnel junctions using thin metallic films. 

3.2 Design and principle of MCB junctions 

The design of a MCB sample made using a metallic filament is show in Fig. 3.1. 

The filament (in our case a 50 μτη thick metal wire) is glued onto a phosphor-bronze 

bending beam covered with a thin insulating layer of kapton foil, using two small drops 

of Stycast 2850 F T epoxy. The distance between these two anchoring points at the 

center of the beam is kept as small as possible. The filament is then cut for about 

90% of its diameter at the midpoint between the two drops of epoxy, is mounted in 

the setup, and is cooled to 4.2 К in high vacuum surroundings. The setup will be 

discussed in detail later in this chapter, but the principle of operation is indicated in 

Fig. 3.1. To break the sample, or for less accurate adjustments of the electrode spacing 

or contact size, a course bending force can be applied mechanically at the center of 

the beam while it is held at its ends. The deflection of the beam is fine-tuned using 

piezo-electric elements which, depending on the specific setup, exert their force at the 

center or the ends of the beam. 

The electron tunneling experiments that will be presented in later chapters, contain 

measurements of the tunnel current or tunnel resistance as a function of the electrode 

spacing z. In our setup, we can vary the vertical force exerted at the center of the 

bending beam continuously by changing the voltage Vp applied to the piezo-electric 

elements. It is known that the thus obtained vertical displacement у varies proportional 

to Vp. For the electron tunneling experiments it is important to know how ζ changes as 

у is varied. The relation between ζ and у will therefore be discussed here in considerable 

detail. 
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Figure 3.2: A bending force causes a vertical displacement y, which leads to a distance 

ζ between the two electrodes. For clarity, all distances have been exaggerated. 

When the bending beam is bent, the surface of the beam beneath the filament will 

be stretched, leading to an increase of the distance between the two anchoring points, 

and thus to an increase of z. Assuming that the tips just touch when there is no vertical 

displacement, the increase Δ β due to surface stretching can be expressed as [7] 

Fh / л , , ,9Ч _ wh3

 /t% „ x 

Δ-ϊβΙΤ* 2"-*)· ' = Ί Γ ( З Л ) 

Here, d is the distance between the two anchoring points (see Fig. 3.2), F is the vertical 

force exerted on the bending beam, E is the modulus of elasticity of the beam, and 

/ι, /, and it; are its thickness, length and width. Using an expression for the vertical 

displacement from [7], Δ 5 can be rewritten as 

FP 

А ЕІ *-*"(*-r)· <"> 
The beams we use have dimensions / χ w x h = 28 x 10 χ 0.4 mm 3 , and the distance 

d is about 0.5 mm. 

Bending of the beam also leads to a non-zero slope a at the anchoring points 

(Fig. 3.2). This causes an additional contribution Δ 2 to the distance between the tips, 

as well as a vertical displacement Δy, 

Az = ¿(1 — cosa) + 2psin a, Ay = 2Esina, (3.3) 

where ε stands for the distance between the point where the wire has been broken and 

the middle of the section of the wire between the two anchoring points, and ρ is the 

vertical distance of the wire at the anchoring points to the plane of flexure. For the 

case of a wire lying on top of a bending beam, this distance will be half the beam 

thickness h. The slope α is given by [7] 

and has a small value in all experiments (a = 0.008 rad for y = 2 mm). Therefore, Az « 

\dc? +2pa. For ρ = /г/2, the second term equals Δ 5 . The term ¿da2 is proportional to 

y2, which in principle leads to a nonlinear relation between the separation ζ = As + Δ 2 

of the two tips, and y. However, in our setup, this term is two orders of magnitude 
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smaller than both 2pa and Δ 5 . In an experiment, y is typically varied over less than 1 

μπι around a value of 2 mm, and the change in slope dz/dy over this range is less than 

1.5 10" 4 %. Therefore, the non-linear term may be neglected. Using the parameters 

mentioned above, and assuming that the wire is directly on top of the bending beam 

(usually the distance of the wire to the beam is much smaller than the beam thickness), 

the ratio y/z, which is the estimated attenuation of the applied vertical displacement 

to the induced tip-tip distance, is found to have a value of 330. 

The vertical displacement Ay is zero when the wire is cut exactly in the middle 

(ε = 0), but can be quite large when the wire breaks close to one of the anchoring 

points (ε = ¿/2), 

Δ , « 2εα = 3yÇ ( 2 - y ) , (3-5) 

which is of the same order of magnitude as z. Because Ay ос y, the distance between 

the two tips will nevertheless be proportional to y, albeit that the tips do not approach 

horizontally. However, when preparing the samples, extreme care is taken to ensure 

that the notch is as close as possible to the midpoint between the two gluing points, 

leading to no or a negligibly small vertical displacement of the electrodes with respect 

to each other. 

3.3 Experimental Setup 

The experiments described in this thesis were all performed with the sample at low 

temperatures (1.2-4.2 K). For this purpose, the sample was mounted at the lower part 

of an insert which could be hung into a standard 4 He bath cryostat that contained a 

7-T magnet. Some of the point-contact experiments were performed with the junction 

immersed directly in the liquid helium, but often (and for all tunneling experiments) a 

vacuum chamber was mounted around the lower part of the insert. For the more sensi

tive electron tunneling experiments, external vibrations wrere suppressed by suspending 

the cryostat from the ceiling using elastic cords ('bungy cords'). 

Two long axes that are used to manipulate the sample mechanically, run from the 

top of the insert down into the vacuum chamber. The main spindle that exerts its force 

at the center of the bending beam can be turned directly with one of these axes. The 

other axis is driven over a worm-wheel gearbox with a 1:50 attenuation, and steers a 

differential screw mechanism which effectively gives, depending on the specific design 

of the lower part of the insert, a 25 or 50 times smaller displacement at the central 

spindle per turn of this second axis compared to the first one. Both axes are connected 

to the lower part of the insert via fork-blade mechanisms, and can thus be decoupled 

to avoid suJden contact changes that may occur due to relaxation of torsion strain in 

these axes. 

Fig. 3.3 shows schematic drawings for two different designs of the main part of the 

break junction insert. For both, the body (A) has been machined out of one solid piece 

of brass to obtain an as high as possible stability. They operate based on the following 
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Figure 3.3: Schematic drawings for two different designs of the main part of the MCB 
junction inserty described in the text. In reality, the width of the body is \5 mm. 

principle. A sample is mounted in the slits (B). The central (coarse) adjustment screw 
(C) is used to slightly prebend the bending beam, after which the backspring (D) is 
mounted. This backspring makes the system more rigid and gives an option to obtain 
"negative" bending angles, which may be necessary sometimes. The vacuum chamber 
may then be mounted around the setup. After placing the insert into the cryostat, 
the sample can be broken in vacuum or in He atmosphere (clean surfaces) at room 
(295 K) or low (77 K, 4.2 K) temperatures. The sample is broken by turning the 
coarse adjustment screw, and a point contact can then be created by gently turning 
it back. The fine adjustment screw (E) and the piezo driver (F) can now be used to 
adjust the contact size or to bring the junction into the electron tunneling regime. The 
differential screw mechanism of the left design in Fig. 3.3 consists of three concentric 
rings, with a small difference in pitch for the screw-threads that connect these rings. 
The rotation of the innermost ring that holds the central screw is blocked (not visible 
here). The second ring can be driven over a gear-wheel. The third ring is connected 
to the body via the piezo-element, which is built up out of four 1-mm thick rings of 
PZT 5A piezo material. The piezo-element is separated electrically from both the body 
and the outer tube using thin AIO2 rings. This piezo-driver system has a maximum 
displacement of about 1 /im at 300 K, dropping to approximately one-fourth of this 
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value at 4.2 К. 

The differential screw of the right design in Fig. 3.3 is one of the supports of the 

beam that holds the central screw. The other support acts as a hinge around which 

the beam is rotated over a very small angle when the differential screw is turned. Here, 

the piezo-element is formed by two stacks of ten rectangular pieces of PZT 5A piezo 

material, again with small pieces of А120з at both ends. The piezo-driver is used to 

move the slits that hold the ends of the sample's bending beam vertically with respect 

to the end of the central screw, and has a 2.5 times larger maximum displacement than 

the previous one. 

The stability of our setup is illustrated by the fact that we found it possible to 

reproduce current-distance characteristics in electron tunneling experiments several 

times over periods of up to a few hours. The electrode surfaces first had to stabilize 

for 2-3 hours after breaking the sample (see Section 6.4). A drawback of the MCB-

technique is that it is impossible to calibrate the tip-sample displacement as a function 

of vertical displacement у (or the applied piezo voltage), because it depends on the 

specific sample arrangement (e.g, the distance d) and the way the sample breaks [8]. 

3.4 Thin-film MCB junctions* 

Recently, a few attempts were made to increase the contact stability to a level 

that should permit observation of inelastic electron scattering by vibration modes of 

molecules present between the two MCB junction electrodes [9,10]. In both cases, 

rather complex lithographic processes were required. Here we report on a much simpler 

method that exhibits comparable stability and high adjustability for point contacts or 

tunnel junctions in the resistance range of 0.1-101 οΩ. PC spectra of some materials, 

as well as tunneling data, are presented to illustrate the possibilities offered by this 

method. 

3.4.1 Thin-film sample design 

The main idea of the original MCB technique [2] was to break a filament attached to 

a rigid glass bending beam. To avoid breaking the glass it was necessary to produce 

an extremely deep and narrow notch in the unglued section of the wire, which was the 

most critical point in the whole procedure of sample preparation. This has become 

much less critical after the introduction of phosphor bronze bending beams [4]. The 

concept behind our thin film MCB junction technique is to deliberately break a brittle 

substrate that has the metallic film that is to be investigated evaporated on top of it. 

*This section is a slightly modified version of the paper Thin-Film Mechanically Controllable 
Break Junctions, R.J.P. Keijsers, O.I. Shklyarevskii, J.G.H. Hermsen, and H. van Kempen, Rev. Sri. 
Instrum. 67, 2863 (1996). 
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Figure 3.4: Composition of a thin film MCB junction sample. A thin metallic film is 

evaporated on top of a brittle substrate, and then glued on top of a phosphor bronze 

bending beam. A scratch, intended to initiate a break, can be made using a diamond 

pen. 

For fragile substrates, a sudden break will already occur at very small bending angles. 

The stretching of the metallic film will in that case be negligible. 

The sample design is shown in Fig. 3.4(a). It consists of a 28 x 10x0.4 m m 3 phosphor 

bronze (or spring steel if no measurements in magnetic field are intended) bending beam 

with the brittle substrate (we have used standard microscope slides, thin silicon wafers 

and GaAs) glued to it with a thin layer of epoxy [11]. The thin film can be evaporated 

both before or after gluing, and can be in the form of a narrow strip of only a few μπι 

wide, but it may also cover the entire surface of the substrate. In order to initiate the 

break, a scratch was made in the middle of the substrate with a diamond pen, either 

over the whole width on the bottom side before gluing, or over a small part of the 

width on the top side at one of the edges after thin film evaporation. 

The ratio г of the electrode separation ζ to the vertical displacement у [see Fig. 3.4(b)] 

should be small if one wants to achieve high accuracy in adjusting the contact size or 

the electrode separation. If one assumes that the substrate loosens from the glue on 

both sides of the break over a small distance q (with q much smaller than the bending 

beam length /), there will be two contributions to the electrode separation ζ at a certain 

vertical displacement y, one stemming from the fact that the surface of the bending 

beam is stretched when the beam is bent, the other one being due to the nonzero angle 

a of the unglued substrate parts [Fig. 3.4(b)]. Both contributions can be evaluated 

using Ref.7. For small α and q <C /, the ratio r is in good approximation given by (use 

equations 3.2 and 3.3, with ρ = \h -\- с and d — 2q) 

' - ϊ - ' Ή ' - ΐ ) ^ <3·6» 
with h and с denoting the bending beam and substrate thicknesses, respectively. Using 
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the values /i=0.4 mm, c=0.3 mm, and /=28 mm, and taking q/l to be 0.01 (unglued 

over 1% of the beam length), a ratio г = 6 x 10" 3 is found. We estimate from our 

tunneling experiments that, on the average, the ratio г is about 2 x 10~3 for this specific 

sample design. 

For the experiments that will be discussed below the left setup of Fig. 3.3, described 

in the previous section, was used. It must be noted that prebending of the sample 

before mounting the backspring was not done for the very brittle GaAs substrates. 

The "negative" bending angles provided by the backspring were found to be necessary 

sometimes when films with a very strong adhesion to the substrate were being used. 

We have estimated the accuracy in establishing a certain horizontal distance be

tween the electrodes by using the fine adjustment screw as 0.2-0.3 nm for 0.1-0.15-

mm-thick microscope slides, dropping to 0.8-1 nm for 1-mm-thick substrates. The 

point-contact resistance can be adjusted easily within 0.1% in the range of 0.1-100 Ω, 

which is the typical range for the majority of point-contact experiments, and with an 

accuracy of better than 0.5% in the range 100-1000 Ω. For even smaller contacts, 

conductance quantization starts to play a role, and the accuracy in setting the contact 

resistance decreases. Conventional PC's (0.1-100 Ω) were found to be extremely sta

ble, with changes of less than 0.01% over periods of several hours, under the condition 

that the temperature distribution in the cryostat remained stable and no electrical or 

mechanical shocks were applied. 

All PC spectra that will be presented in Sec. 3.4.2 were recorded using a con

ventional lock-in technique. The transition from contact to tunneling and the electron 

tunneling regime were both studied by applying a small bias voltage and measuring the 

current using a home-built I-V converter designed for scanning tunneling microscopy 

experiments. 

3.4.2 Performance 

A sample, consisting of a 300 nm copper film evaporated at a temperature of 60 °C in 

a moderate vacuum (10~5 Torr) on top of a 0.15-mm-thick glass microscope slide, was 

used to record the first point-contact spectrum of Fig. 3.5(a) (solid line). It displays 

a large positive anomaly close to zero bias that is related to the elastic scattering of 

conduction electrons from a defect switching between two (metastable) states (a two-

level system) present in the vicinity of the contact [12,13]. In addition, the spectrum 

obtained for the electron-phonon interaction (EPI) in Cu is strongly smeared, which 

indicates that the contact is in the diffusive transport regime of point-contact spec

troscopy, where the elastic mean free path is much smaller than the contact diameter. 

This is the result of a combination of a low crystalline quality of the Cu thin film and 

extra disorder in the contact region due to quenched defects caused by the stretching 

of the film during the process of breaking at 4.2 K. 

When the experiment was repeated using samples that were scratched over the 

whole width on the bottom side before gluing (to ensure a "fast" break at small bending 

angles) or using crystalline substrates, the anomaly close to zero bias never occurred, 
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Figure 3.5: (a) EPI spectrum of a MCB junction of a 300 nm Cu thin film on glass 

(as evaporated). The contact resistance was 22 Ω (Τ =4-2 К). The spectrum exhibits a 

distinct anomaly near zero bias, and the electron-phonon interaction features are very 

smeared (solid line). The EPI spectrum for a 32 Ω contact at Τ=1.3 К, after keeping 

the sample at room temperature for three weeks, is also shown (dashed line). The zero 

bias anomaly has disappeared, and the quality of the spectrum has improved greatly, (b) 

EPI spectra for thin film MCB junctions of Ag (300 nm) on glass (dashed line) and of 

Au (500 nm) on GaAs (solid line), at Τ=4.2 К. 
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Figure 3.6: (a) Tunnel resistance R of Си thin film junctions on microscope glass 

substrates, as a function of the piezo voltage Vp, which is proportional to the electrode 

separation z, R(VP) is shown for several samples, demonstrating that the relationship 

may strongly differ from sample to sample. In all cases, an exponential behavior was 

found, (b) R{Vp) for Au thin film junctions on GaAs substrates. The curves display 

exponential behavior over more than four decades of the tunnel resistance, with a jump 

to a one atom contact occurring in the upper curve. All curves were recorded using a 

bias voltage of 10 mV at Τ =4.2 A\ 

and the PC spectrum was found to be of much better quality. Figure 3.5(b) shows such 

EPI spectra obtained using a 300 nm Ag film on glass and a 500 nm Au film on GaAs. 

The quality of the recorded EPI spectra is rather good, and they could be reproduced 

very well when measured on different samples. 

After an additional treatment such as annealing of the Cu film at 500 °C for 10 

h before gluing or annealing at room temperature after the break, the recorded EPI 

spectrum turned out to have improved strongly [Fig. 3.5(a), dashed line], displaying 

sharp peaks due to the scattering of electrons on transversal acoustic (TA) and lon

gitudinal acoustic (LA) phonons at 16-20 and 27-29 mV, respectively. The quality 

of the spectrum is, in fact, very close to that of the best spectra ever recorded for 

copper in terms of distinct TA and LA peaks, a very low background level and a high 

absolute intensity. In this respect, the thin film MCB technique may be competitive 

with the nanofabrication process, which requires high-tech equipment and, up to now, 
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Figure 3.7: The tunnel resistance o f a 30 MCI Au thin film junction on a GaAs substrate 

recorded as a Junction of time (T—^.2 K, bias voltage 30 mV). The long-time drift of 

0.2% corresponds to a change in the electrode separation of about 0.1 pm. 

is restricted to a few materials only. 

We used MCB junctions made of 300 nm Cu thin films on glass microscope slides 

and 500 nm Au thin films on 0.3-mm-thick GaAs substrates for measurements in the 

electron tunneling regime (Fig. 3.6). As expected, the tunnel current was found to de

pend exponentially on the applied piezo voltage, which is proportional to the electrode 

separation obtained. For Cu samples, the change in tunnel resistance over the largest 

piezo displacement was found to vary strongly from sample to sample [Fig. 3.6(a)]. 

This is probably due to the rather irregularly shaped electrodes, but it can also be 

caused by a difference in the precise manner in which the film and substrate break 

(e.g., whether or not the substrate becomes unglued over a small section). Curve 4 of 

Fig. 3.6(a) shows some unexpected behavior that occasionally occurs: the dependence 

of the tunnel resistance on the piezo voltage is reversed compared to its usual behavior. 

This may be connected to a certain vertical displacement of the electrodes with respect 

to each other that was brought about in the breaking process. The curves of Fig. 3.6(b) 

(gold on GaAs) show the expected exponential behavior of the tunnel resistance as a 

function of piezo voltage, with a jump to a one atom point contact occurring in the 

upper curve. 

The long-time stability of a tunnel junction is demonstrated by Fig. 3.7. Here the 

resistance of a 30 ΜΩ Au-on-GaAs junction changes only 0.2% over a period of 30 

minutes. Using the common estimation that one decade change in tunnel resistance 

corresponds to about a 1 Achange in electrode separation, one can see that the 0.2% 

resistance change corresponds to a 0.1 pm drift of interelectrode spacing. This value can 

be compared to the value of less than 0.2 pm/h for nanofabricated break junctions [9], 

albeit that this result was obtained in a room-temperature experiment. The short-

time variations of the tunnel resistance with an amplitude of about 0.03% correspond 

to tunnel gap fluctuations of about 13 fm, thus showing the extreme stability of the 

thin film break junction. 
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Only thin film MCB junctions of simple metals have been discussed here. This 

technique, however, also opens the door to PC and tunneling studies using materials 

that are available as thin films, but cannot, or only with great difficulty, be produced 

in bulk form (e.g., certain high-temperature superconductors, layered, and quasi-two-

dimensional materials). 
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chapter 4 

Two-Level-System-related Zero-Bias 
Anomaly in Point-Contact Spectra* 

In point-contact spectroscopic measurements on mechanically controllable break 
(MCB) junctions of several metals, two distinct anomalies are observed near zero bias. 
The first anomaly is well described by the elastic scattering of electrons from two-
level systems with different scattering cross sections for both levels, but may also 
be explained by another model which involves the interaction between a two-level 
system and an electronic screening cloud. The experiments suggest that these two-
level systems are related to dislocations, due to stretching of the sample at the surface 
near the contact. The second type of anomaly has an S shape and was observed at 
higher voltages. This anomaly is found to be remarkably independent of the sample 
material. The origin of this anomaly is not yet clear. 

4.1 Introduction 

When the size of a contact between two pieces of conducting material is so small that 
the contact diameter is smaller than the electron mean free path (Sharvin contact or 
point contact, PC), interactions between electrons and excitations near such a contact 
have a considerable influence on the PC conductivity. This makes the PC an excellent 
tool for studying these interactions, of which the direct measurement of the electron-
phonon interaction (EPI) is the most highly elaborated and best-known example [1,2]. 

Due to the small size of the volume probed (typically 103 nm 3 or less), a PC is 
also a good tool for studying single imperfections which can otherwise be studied only 
indirectly, e.g., in transport measurements. These imperfections often give rise to 

"This chapter has been published: Two-level-system-related zero-bias anomaly in pomt-contact 
spectra, R.J.P. Keijsers, O.I. Shklyarevskii, and H. van Kempen, Phys. Rev. B. 51 , 5628 (1995). 
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anomalies in the PC spectrum (d?V/dI2 as a function of the bias voltage V) at low 

bias voltages. An example of such behavior is the Kondo minimum which has been 

observed at PC's of diluted magnetic alloys like AuMn and CuFe [3,4]. 

Another type of imperfection which is of great interest are those that switch between 

two metastable states, thus giving rise to the well-known two-level systems (TLS's). 

The concept of TLS's was originally put forward to describe many of the physical prop

erties of glassy materials (for a review we refer to Black [5]), but has recently found 

a much wider application. Using metallic nanoconstrictions, Ralls and Buhrman [6] 

showed that these TLS's are the dominant source of 1//-noise in metal films. Such con

strictions were also used to study resistance fluctuations due a single TLS [7,8]. These 

experiments yielded some quite different parameters for the TLS's studied, pointing 

to TLS's originating from different types of defects [8]. Other studies were concerned 

with the electromigration of defects through a point contact [9] and the impact of a 

single defect on the PC conductance [10]. Ralph and Buhrman [11] observed a mini

mum in the differential conductance of a disordered copper point contact, which they 

attributed to a non-magnetic Kondo-like resonance due to a strong coupling between 

TLS's and conduction electrons, as described by Vladar and Zawadowski [12]. Recently, 

Akimenko and Gudimenko [13] reported on an anomalous feature in the PC spectrum 

of a Cu point contact, which they attributed to the elastic scattering of electrons from 

a point-defect fluctuating between two states, as has been described theoretically by 

Kozuband Kulik [14,15]. 

Because elastic-scattering processes in the quasiballistic and diffusive transport 

regimes do not depend on electron energy and therefore do not lead to non-linear con

tributions to the point-contact conductivity, but only reduce the point-contact spectra 

intensities [2], it might be expected that this sort of interaction cannot be observed by 

PC spectroscopy. In this case, however, the fact that the scattering cross sections of the 

two states of the defect will in general not be equal, and the fact that the population 

of the states is bias voltage dependent, lead to the possibility of observing the elastic 

scattering of electrons from such a two-level system in PC spectra. 

Kozub and Kulik [15] have calculated the contribution to the point-contact spec

trum due to this elastic scattering of electrons on TLS's, and have expressed it in the 

form 

S{Pj,r3,qj) (4.1) 

where u3 and r, are the voltage V and temperature Τ reduced to the excitation energy 

E3 of the j t h TLS as eV/E3 and квТ/Е3, respectively. Typically, E3 < 1 meV for a 

TLS. R is the point-contact resistance and σ* stands for the scattering cross sections of 

the upper and lower levels. C3 is a kinetic factor which is of the order of ~ rj4d min(^, d) 

for the j t h TLS [15] where r3 is the distance of the TLS to the contact center, d is the 

contact diameter and £ is the electron mean free path. 

The function S as a function of ι/ is given in Fig. 4.1 for different values of τ and for 

a particular value of the parameter q. This parameter represents the electric potential 
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Figure 4.1: Profile of the point-contact spectral line S(v,r,q) for q—0.1. Curves 1, 2, 

3, and 4 correspond to τ = 0, 0.1, 0.5, and 1.0, respectively. [According to Kozub and 

Kulik (Ref. 15).] 

ф(т) at the location r of a TLS normalized to the total potential V over the contact, 

where the potential is set to zero at the contact center. For the jth. TLS, the parameter 

q3 is given by [15] 

Яз = 
1 -(ψ)' (4.2) 

and is equal to 0.5 for a TLS located at the contact center, and drops to zero for TLS's 

far away from the contact. The line profile in Fig. 4.1 is very unusual for traditional 

spectroscopy. For Τ <C E3 it consists of a sharp peak at eV = E3 and a wing, located at 

energies exceeding E3. It has been pointed out [15] that this particular line profile can 

be used to separate this TLS contribution to the PC spectrum from those of inelastic 

scattering by paramagnetic impurities or by impurities with internal structure. 

In the present paper we pay attention to two types of anomalies observed at low 

bias voltages in a PC spectrum. The first one (called type I) can be attributed to 

interactions between conduction electrons and two-level systems located near the point 

contact. The other one (type II) is due to an as yet unknown type of imperfection. 

4.2 Experimental 

Recently, Muller, van Ruitenbeek, and de Jongh [16] have developed a technique for 

making highly stable, clean point contacts by breaking and reconnecting small fila

ments. We have adapted this mechanically controllable break (MCB) junction tech

nique for use with thin films [17]. A metallic film (Au, Cu, Al, Ag, Pb) is vapor-

deposited on top of a thin, brittle substrate (e.g., glass, Si-wafer). This substrate is 
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Figure 4.2: (a) Point-contact spectra of copper thin-film MCB junctions with resis

tances 1-L2Q,, 2-22ÍI, S-64Q and 4-400Ω, (T = 1.3K). The curves have been shifted 

for clarity, (b) Point-contact spectrum fora Cu single crystal MCB junction (R = 30 Ω, 

Τ = 2 К). The peaks at 17-18 mV and 30 mV are due to the electron-phonon interac

tion; the feature at bias voltages between 0 and 5 m V [positive for (a), negative for (b)] 

is attributed to interactions between electrons and a TLS. 

then glued on top of a bending beam. The thin film MCB junction is formed by first 

breaking film and substrate, and then establishing a contact by bringing the electrodes 

back together. 

For the experiments on the type I anomaly described in this paper we used 3000-

A-thick Cu films which were evaporated in moderate (10~5Torr) vacuum on heated 

(60 °C) glass substrates with a high deposition rate. The Cu films all had a residual 

resistivity ratio « 5 , so the films that were used were of low crystalline quality. The low 

intensity of the second harmonic Ц of the modulation voltage signal, as well as the 

absence of the LA peak in the EPI spectra, implied that the elastic mean free path ί 

in the region of the contact was much smaller than the contact diameter d. The type-I 

anomaly was also observed using bulk MCB junctions of Au, Cu, Ag, and Pt, produced 

by breaking 50 μπι wires as described in Refs. [16] and [18]. The type-II anomaly was 

observed at Au, Cu, Ag, and Al thin-film and bulk MCB junctions. 

The spectra for all PC's were obtained using a standard lock-in technique with a 

modulation frequency of 5 kHz. The samples were immersed in a liquid-He bath which 

could be varied in temperature between 4.2 and 1.3 K. A magnetic field up to 7 Τ 

could be applied. 
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Figure 4.3: The zero-bias anomalies from Fig. 4.2 presented on an enlarged scale (sym

bols), together with a theoretical fit (lines) described in the text. Starting at voltages 

between 5 and 10 mV, there is a considerable contribution to the spectrum by the 

electron-phonon interaction, causing a mismatch between the experimental data and 

the theoretical curve. 

4.3 Results and discussion 

4.3,1 The type-I anomaly 

The first type of zero-bias anomaly we observed can be described as a strongly asym

metric peak located at biases of 1-4 mV (Fig. 4.2). These peaks were observed with 

both negative and positive signs, and did not change when magnetic fields up to 7 Τ 

were applied. Recently, this type of spectral feature was reported on by Akimenko and 

Gudimenko [13], who found it to be described very well by the above-mentioned theory 

of Kozub and Kulik [14,15]. 

The set of point-contact spectra displayed in Fig. 4.2(a) was measured using a 

disordered 3000-Â Cu thin-film MCB junction. The most prominent feature of the 

PC spectra in this figure is the strong "positive" zero-bias anomaly with an intensity 

comparable to the TA peak for low-ohmic contacts and greatly exceeding the EPI 

spectrum for high-ohmic junctions. 

The relative change in differential resistance AR/R associated with the observed 

singularities, is usually of the order 0.1-1% for contacts with resistances from 1 to 

100 Ω, but was observed to increase up to 10% for more high-ohmic junctions. This is 
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in good agreement with the estimations [14,15] 

Δ # / β ~ | σ + - σ - KA*3 (4.3) 

per one two-level system in the diffusive transport regime (i <C d), if we suppose that 

| σ + — σ~ |A¿ IO - 1 4 — IO"15 cm2 (difference between an occupied and an unoccupied 
lattice site) and assume a TLS density of 10~4 — 10~5 per atom, which is typical for 
disordered systems. 

The peaks near zero bias in Fig. 4.2(a) are displayed in Fig. 4.3 on an enlarged 
scale, together with a theoretical fit. This fit is based on the (reasonable) assump
tion [13] that only one TLS is present near the contact area. Calculations show that 
the position um at which the theoretical curve has its maximum depends strongly 
on the reduced temperature τ (see Fig. 4.1), but varies only slightly as a function 

of q (for r > 0.05). The effective experimental temperature Tcff is composed of the 

bath temperature Τ and a contribution due to smearing by the modulation voltage Vi, 

T e f f = [ r 2 - h ( 0 . 2 2 4 e l /

1 / ^ ) 2 ] 1 / 2 · w h e n the modulation contribution to 7; f f is kept small, 

the quotient vmjr will be equal to е т/кв1\к, with Vm the voltage at which the peak 

maximum occurs in the PC spectrum. Thus, it is possible to get a good estimation of 

the r-value and, using E3 = квТ^/т, of E3 directly from the expeiiment. The value 

of q can then be adapted to optimize the theoretical fit to the data. 

The values of r, E3 and q for the fits from Fig. 4.3 are presented in table 4.1. 

The value of q is found to decrease with increasing contact resistance. The value of q 

depends on the distance of the TLS to the contact center normalized to the contact 

radius. When the contact resistance increases, the contact radius decreases and thus 

the normalized distance to the contact center increases, leading to a drop in the value 

of q. 

Figure 4.3 shows that in our experiments the theory fits the experimental data well 

only for the larger contacts (R=1.2Q, 22 Ω). For the smaller contacts, the theoretical 

fits are found to be much less broadened than the experimental curves, and there 

is only a very small onset visible of the theoretically predicted non-linear behavior 

close to zero bias. The values of <?, r and E3 can be adapted in such a way that the 

theoretical curves also fit the data well for these contacts. However, this would require 

values of τ and E3 which correspond to an effective temperature of 9 К at the TLS 

R{il) 
1.2 

22 

64 

400 

Teff (К) 

1.95 

2.13 

1.94 

1.95 

τ 

0.28 

0.18 

0.10 

0.07 

E, (піе ) 

0.60 

1.02 

1.67 

3.36 

я 
0.080 

0.075 

0.070 

0.050 

Table 4.1: Values of the parameters ту E3, and q for the fitted curves of Fig. 4.3. Teff 
is the bath temperature corrected for the applied voltage modulation. 
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site for the 400-Ω contact. This is an unlikely high value, because the junction was in 

direct contact with a helium bath at T=1.3 К during the experiments, and because 

there is no known heating mechanism at low voltages that can explain such a large 

increase of the temperature. It has been found that the temperature of a defect may 

become higher than the lattice temperature in a PC when voltage is applied [9], but 

this increase is very small for voltages below 5 mV. Akimenko and Gudimenko [13] 

found good agreement between experiment and theory for all contacts they measured 

on. However, they only measured large contacts with contact resistances smaller than 

4Ω. 

Table 4.1 shows that the value of the level spacing E3 increases with increasing 

contact resistance and reaches a value of 3.36 meV for the 400-Ω contact, which is a 

rather high value of E3 for a TLS. Since the measurements were taken on the same 

contact with a different contact size, it is assumed that the same TLS was studied in all 

experiments. Therefore one would expect the value of E3 to be constant, which turns 

out not to be the case. Again, it is possible to make good fits to the experimental 

data keeping E3 constant. However, in that case very large τ values are required, 

corresponding to Τ ~ 40 К for the 400-Ω contact. The shift in E3 may be due to the fact 

that the TLS's were regarded as point defects in the theoretical description [14,15], but 

as soon as at least a few neighboring atoms are involved in the TLS formation its "size" 

may be comparable to the contact diameter for small PC's (R — 400 Ω corresponds to 

d % 20 — 25 A). This may cause some kind of smearing of the peak, thus leading to 

apparently higher values of E3 or r . 

The temperature dependence of the peak was studied for a 11.3-Ω thin copper 

film PC. The results of these measurements are shown in Fig. 4.4, together with a 

theoretical fit. The theory predicts the observed behavior of the peak height Sm and 

the position of the peak maximum Vm as a function of temperature rather well, as can 

be seen from the inset where the observed changes are compared to theory. However, 

the theoretical fits displays values that are much too large in the "wing" at voltages 

above 2 mV. The fits can be improved strongly in this respect by increasing the value 

of q to 0.10; however, this leads to less agreement for the overall temperature behavior 

displayed in the inset. 

The predicted temperature smearing of the TLS-peak is partly due to the fact that 

the average occupation times of both TLS states changes with temperature. In order to 

study whether this would lead to a significant difference from usual temperature smear

ing in our experiment, we used the approach of Jansen [19] to temperature-average a 

theoretical curve, calculated for Γ=1.5 К (other parameters were chosen as for Fig. 4.4), 

to a temperature of 4.3 K, and compared it to the TLS-peak calculated directly for 

4.3 K. We must note that the averaging procedure was devised for inelastic-scattering 

processes like electron-phonon interaction, and may therefore not be entirely correct 

for the elastic scattering of electrons from a TLS. However, the order of magnitude of 

the temperature smearing should be the same (~ k&T). It turned out that the two 

curves were quite close together, the averaged curve having a slightly (~3%) higher 

maximum. Therefore, it is probably not possible to distinguish between usual tern-
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Figure 4.4: Experimentally determined temperature dependence of the type-] anomaly 

for a 1Î.3-SI Cu thin-film point contact (symbols) and theoretical fits (Ej = 0.56 me V, 

q=0.06). The effective temperatures are 1.84 К (V), 2.56 К (·) and 3.90 К (о) and 

are composed of the real temperatures (1.43, 2.20, and 3.67 K) corrected for smearing 

by the modulation signal. In the inset the experimentally observed behavior of the peak 

height (filled squares) and the position of the maximum (open squares) as a function of 

temperature are compared with their theoretical expressions. 

perature smearing and the predicted temperature dependence of the Τ LS peak, unless 

measurements at very low temperatures ( < 1 K) are performed. 

Next, we will discuss some indications on the origin of the TLS's studied. Because 

there is no need for the scattering by the upper level to be stronger than that by the 

lower level, situations with σt > σJ as well as σ+ < σJ can occur. At a copper single 

crystal MCB junction we observed a "negative" zero-bias anomaly, which is just the 

mirror reflection of the above described peak with approximately the same shape and 

peak position [Fig. 4.2(b)]. It must be noted, however, that, judging from the well 

resolved EPI spectrum with high absolute intensity, which indicates a large elastic re

laxation length, the TLS's in this contact cannot be related to some inherent disordered 

crystal structure, but are more likely connected with linear defects like dislocations, 

which may arise in the breaking process. However, we have strong indications that 

the TLS's causing the peaks that were observed at the Cu thin-film MCB-junctions 

were also created while breaking the samples, rather than being a result of the low 

crystalline quality of the film. We have studied a considerable number of Cu thin-film 

samples which were all prepared by evaporating Cu under the same conditions on glass 
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slides. These slides were cut into small rectangular pieces which were then glued on 
top of phosphorbronze bending beams. At about half of all samples a scratch, intended 
as a break starter, was made on the down side of the slide with a diamond pen before 
gluing. The breaking of the two types of samples was closely studied by breaking some 
of them in air under visual observation. It turned out that the scratched samples broke 
quickly at the scratch, and that the copper film broke at the same time. However, the 
other samples had to be bent much further (stretching the film in the process) and it 
happened several times that the glass slide broke without the film breaking; the film 
only broke after a further increase of the bending angle. At such samples a TLS peak 
was observed in all cases, while the scratched samples never displayed a strong peak 
at low energies. The same correlation between sample preparing and the probability 
of finding this low-energy peak was also found for samples which were broken in a He 
atmosphere at several temperatures (300, 77, 4.2 K). Therefore, the appearance of a 
TLS peak in our spectra seems to be related to the amount of bending and stretching of 
the film (which is known to cause dislocations) in the breaking process. Similarly, Aki-
menko and Gudimenko [13] found that the probability of observing a low-energy peak 
in their experiments was larger when they used crystalline samples they had strained 
by a slight bending. 

It is possible to remove the low-energy peak from the spectra by annealing the 
samples for a few days at room temperature. On the other hand, the low-energy 
peak has been observed using samples that had been kept for several days at room 
temperature before breaking them. This also indicates that the TLS's studied are 
related to some nonequilibrium defect created in the breaking process rather than 
being related to some defect inherent to the low crystalline quality of the as-evaporated 
Cu films. Until now, only "positive" peaks were observed for the Cu film junctions, 
while for single-crystal junctions of Cu, Ag, and Pt we only observed "negative" peaks. 
Whether this relation between the amount of structural order of the MCB junction 
and the sign of the observed TLS peak is real or just coincidental, is not yet clear. 

The question may arise if it is possible to state something about the location of the 
studied TLS's. Because the film will be deformed most strongly at the point where 
it breaks, the surfaces that are brought into contact to form the MCB junction are 
expected to contain a lot of defects. Therefore, the TLS's studied are likely to be 
located somewhere in or close to the contact plane. Furthermore, one may assume that 
a defect switching between two states is more likely to appear near the edge of the 
contact plane, because defects at such a location may be less bound to surrounding 
atoms than a defect in the contact center. The TLS being located near the edge of the 
contact plane may explain the strong influence it has on the PC spectrum of the Cu film 
MCB junction [Fig. 4.2(a)], since the current density through a point contact in the 
diffusive limit is much larger near the edges than in the contact center [2]. Furthermore, 
it may give an explanation for the fact that in all our experiments, the fitted value of 
q was found to be between 0.05 and 0.10. As was mentioned above, the parameter q 

depends on the electrical potential at the TLS site, and thus gives an indication of the 
location of the TLS with respect to the contact center. For a TLS on the axis through 
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the contact center, perpendicular to the contact area, ^=0.05-0.10 corresponds to a 

distance to the contact center of 2-3 times the contact radius. Yet, the probed volume 

in usual point-contact spectroscopy is assumed to be a sphere with the same radius 

as the contact area. This would require the studied Τ LS to be at a distance to the 

contact center which should not be much larger than the contact radius. Calculations 

show that for a TLS located close to the contact plane, near the edge of the contact, 

small values of q may well be possible. The TLS originating from some defect near or 

at one of the surfaces brought into contact might also explain the fact that the level 

spacing Ej increases with the contact resistance, considering that the defect may be 

going from some location in the bulk to a surface location as the contact size decreases. 

In the above it has been shown that the behavior of the asymmetric peak observed 

in PC spectra is described quite well by the Kozub and Kulik model of elastic elec

tron scattering from TLS's with different scattering cross sections for the two states. 

However, an asymmetric peak with approximately the same shape is predicted by 

the already mentioned nonmagnetic Kondo interaction model, which was developed 

by Vladar and Zawadowski [12] to describe the low-temperature behavior of metallic 

glasses. In this theory the defect motion which represents the TLS causes a change in 

the localized potential acting on the electron gas, which is followed by the buildup of 

an electronic screening. At low temperatures the movement of this charge screening 

cloud is highly correlated with the TLS motion, and below a certain temperature a 

bound state is formed. The theoretical model is formally the same as that describing 

the antiferromagnetic Kondo problem, where below a certain crossover temperature a 

bound state is formed in which the impurity spin is completely screened by the spin 

polarization of the conduction electrons. 

A comparison of the two TLS models shows that they both predict the same tem

perature dependence for both the spectrum and the resistivity, namely proportional to 

ln(T). Yet, there is a difference in the voltage dependence of the "tail" of the spec

tral peak at voltages much higher than the voltage at which the peak maximum is 

located. Vladar and Zawadowski predict a logarithmic behavior of the resistivity, so 

the spectral peak is expected to be proportional to 1/V\ Kozub and Kulik, on the 

other hand, predict a behavior proportional to l/(V + a ) 3 , where a is a constant. We 

have compared these predictions with our experimental data. It turned out that both 

descriptions were equally good for all cases. Ralph and Buhrman [11] demonstrated a 

voltage dependence of the resistivity of a Cu nanoconstriction proportional to ln(V), 

corresponding to the Vladar and Zawadowski theory. However, fitting the Kozub and 

Kulik theory to data taken from their publication shows an equally good agreement. 

The fact that these two descriptions, which are quite different, give equally good results 

might seem quite remarkable. However, the voltage range over which these predictions 

can be tested is very limited (less than one decade) due to a background in the mea

surements originating from the electron-phonon interaction. On such a limited interval 

it is quite possible that different descriptions give equally good fits. 

From the measurements presented here it is not possible to tell which of the theo

retical descriptions mentioned is more accurate. The model of Vladar and Zawadowski, 
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Figure 4.5: S-shape anomalies observed in the point-contact spectra of MCB junctions, 

(а) Си wire, R = 8Ω, Τ = 1.3 A', (b) Au wire, R = 64 Ω, Τ = 1.3 A'. The arrows 

indicate the minima and maxima of the anomalies. 

which is formally the same as that describing the antiferromagnetic Kondo problem, 

only predicts minima in the resistivity corresponding to a positive peak in the spectrum. 

However, negative peaks were observed also. Since this theory has not been devised 

explicitly for point contacts, it is not clear Ín what way the point-contact geometry 

may influence the obtained results. 

4.3.2 The type-Η anomaly 

Now let us turn to a second type of low bias anomaly that we have observed for several 

materials (Cu, Ag, Au, Al) at both crystalline wire and thin-film MCB junctions. 

The anomaly has been observed at about 10% of all samples and is represented by 

an elongated S-shaped singularity in the second harmonic signal (corresponding to a 

minimum in the differential resistance) in a wide energy range, starting from 4-5 meV 

and up to the Debye energy. On rare occasions a few (mainly an even number) of such 

singularities can be observed in this range, often corresponding pairwise to minima and 

maxima in /¿¿иг. Some typical examples of these singularities are shown in Fig. 4.5. 

The relative change of the differential resistance is much smaller than in the previous 

case (0.02-0.2% only), but the shape of the EPI spectrum may be heavily distorted if 

the singularity is located at an energy that is close to the peaks in the phonon density of 

states [Fig. 4.5(b)]. This sort of anomaly has never been observed with usual pressure-

type point contacts, and "annealing" of the MCB junction at room temperature results 

in a complete disappearance or an appreciable reduction of its amplitude. Therefore, 

> 
N 
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Figure 4.6: Point-contact spectra of Al wire MCB junctions displaying an S-shape 

anomaly for contacts with different resistances. The modulation signal level of 0.5 mV 

is the same for all PC7s (T = 1.3 K). The curves have been shifted vertically for clarity. 

there is little doubt that nonequilibrium defects, created while breaking the sample, 

are responsible for the observed singularity. 

The most striking feature of these anomalies is that their position in the spectra 

depends very strongly on the contact resistance. Figure 4.6 demonstrates such a de

pendence for an Al MCB junction. The position of the anomaly versus the square root 

of the contact resistance, plotted in Fig. 4.7 for different metals, may be represented 

by a straight line and is nearly the same for all metals investigated. This means that 

the energy at which the singularities are observed is inversely proportional to the con

tact diameter (in the quasiballistic regime) and does not depend significantly on the 

specific material. This may suggest some nonequilibrium state in the contact geom

etry, for instance along the contact edge, depending strongly on the contact size but 

almost independent of the contact material. On the other hand, since it also means 

that the anomaly appears at a constant level of power dissipation in the contact re

gion (P — V/R2), it may well be that we are observing some phase transition in the 

nonequilibrium defect system. However, it remains quite peculiar that this anomaly 

exhibits the same behavior for different materials. It must be noted that on rare occa

sions the anomaly is observed at bias voltages which are low compared to the data of 

Fig. 4.7 [e.g., the S-shape anomaly of Fig. 4.5(b)]. The position of the anomaly is still 

found to be proportional to V A for these cases. 

Note also that the amplitude of the effect remains practically unchanged (all curves 
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Figure 4.7: Dependence of the S-shape anomaly position on the MCB-junction contact 

resistance for different metals: О Al wire, Q Лд wire, V Ли wire, о Си wire and · Си 

thin film (T= 1.3 K). 

in Fig. 4.6 were taken at the same modulation voltage Vi « 0.5 mV), while the relative 

intensity of the EPI spectra drops for increasing PC resistance. This indicates that 

the observed singularities are a result of elastic (or resonant) rather than inelastic 

scattering. On a Cu thin-film MCB junction at Τ = 4.2 К, we observed an S-shape 

anomaly which decreased strongly in amplitude with increasing contact resistance, 

disappearing at R > 9 Ω. When resistance was lowered again, the anomaly reappeared. 

However, the position of the anomaly was still proportional to y/R and the anomaly was 

located at almost the same energies. Apparently, the intensity of the anomaly strongly 

depends on the location of the defect with respect to the center of the contact, while 

the position of the anomaly hardly does. We have no clear indication that this type 

of anomaly is related to the TLS's which cause the first type of anomaly, because 

they were often observed for contacts with almost no zero-bias anomaly in the PC 

spectra. Yet the amplitude of the singularities was observed to increase appreciably 

for contacts with deep "negative'1 type-I anomalies, and their positions were shifted 

to lower energies compared to the data from Fig. 4.7. Like the type-I anomaly, the 

S-shape type was found not to change when magnetic fields up to 7 Τ were applied. 

4.4 Conclusion 

As described above, the position of the type-II anomaly was observed to be proportional 

to VR. When the position of the maxima of the zero-bias anomaly of the first type, 
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observed for Cu thin films, is plotted against \/Я, one finds a rather large scatter in the 

data. This may be caused by the dependence of the energy of the maxima at non-zero 

temperature on the exact position of the TLS's near the contact, and by a probable 

dispersion in E3 for different junctions. However, it is still possible to approximate it 

by a straight line. Extrapolating to very large contact diameters, where the contact 

size is certainly much larger than the TLS size, and the TLS is very close to the contact 

center, a value of E3 « 0.5 — 0.6 meV is obtained. This value can be adopted as a bulk 

value for the type of TLS we are observing. 

Because the energies at which the TLS peak and the S-shape anomaly are lo

cated are both proportional to \/л, and because the S-shape anomaly is more pro

nounced when it appears together with a TLS peak, one can speculate about the 

S-shape anomaly being the result of switching from both the first and second level to a 

third one at a somewhat higher energy than the lower two. Intuitively, one would then 

expect the separation between the minimum and maximum in the S shape to be of the 

same magnitude as the splitting of the lower two levels, which is indeed the case. The 

appearance of S-shape anomalies without a TLS peak being present can be explained 

by taking the scattering cross sections of the two lower levels to be equal. However, it 

cannot explain why no difference is observed for different materials. Analogous to the 

presence of positive and negative type-I anomalies, one would also expect to observe 

sometimes a single anomaly with first a maximum and then a minimum (N shape), 

but so far this has not been the case. 

In summary, in point-contact spectra we observed an asymmetric peak at low (~ 

1 mV) voltages which can be explained from interactions between TLS's and conduction 

electrons. Two models are available that are capable of describing the features of the 

peak in a reasonable way. The observed zero-bias anomalies are possibly related to 

defects caused by film stretching. Additionally, S-shape anomalies of which the origin 

is still unknown were observed in the second harmonic signal. 
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chapter 5 

Point-Contact Experiments 
on Metallic Glasses 

Distinct peaks in the differential resistance of point-contacts of metallic glasses have 
been observed around zero bias. These peaks can be attributed to the interaction be
tween conduction electrons and fast switching two-level fluctuators (TLF's). Discrete 
jumps between two of such peaks were found to occur, which can be explained by 
a modulation of the electron-TLF coupling by defects, present in the vicinity of the 
contact, that slowly switch between two configurations. The contributions by three 
different mechanisms of interactions between electrons and two-level fluctuators to the 
low-energy singularity present in point-contact spectra of metallic glasses have been 
studied by measuring RF response signals at 600 MHz and 60 GHz, and the low-
frequency response at 1.85 kHz. The resulting curves indicate that a non-magnetic 
Kondo-like interaction is the most important contribution. However depending on the 
exact shape of the background signal due to electron-phonon and electron-electron in
teractions, elastic scattering on highly asymmetric TLF's may also be quite important. 

5.1 Introduction 

One of the most long-standing problems in point-contact (PC) studies of conductors 
is the origin of low energy singularities, the so-called "zero-bias anomalies" (ZBA's), 
that are sometimes present in the measured PC spectra [1]. In some special cases (e.g. 
dilute magnetic alloys [2,3]) the ordinary, or one-channel, Kondo effect is responsible 
for the observed maximum in the differential resistance of PC's at zero bias voltage. 
Nowadays it is acknowledged that in most cases the ZBA's originate from interactions 
of electrons with lattice defects that switch between two nearly equivalent positions 
(two-level fluctuators or TLF's). Nonequilibrium defects are often created during the 
fabrication process of normal metal PC's, and can be removed by annealing of the 
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samples at room temperature. This was observed in experiments on nanoconstrictions 

[4] or mechanically controllable break junctions [5,6] where such annealing lead to a 

dramatic decrease or even a complete disappearance of Ζ В A's. 

In amorphous conducting materials or metallic glasses, defects are structurally 

quenched in, and the high density of TLF's determines the anomalous low temper

ature properties [7]. These materials may therefore be model objects for investigations 

of electron-TLF interactions employing the PC spectroscopy technique. 

Below, some point-contact experiments on metallic glasses will be discussed. First, 

an intriguing observation of a modulation of the electron-TLF coupling by slowly mov

ing defects, present in the vicinity of the contact, will be described. In the following 

section, these results are further evaluated. The topic of the last section are experiments 

where the TLF relaxation is studied by comparing the response signals of metallic glass 

PC's for three different irradiation frequencies. 

5.2 Fast and slow two-level fluctuators in metallic 
glasses* 

The concept of two-level fluctuators (TLF's) was originally proposed to describe 

many of the low-temperature physical properties of glassy materials (for a review we 

refer to Black [7]), but has later on found applications in a much wider field of physics. 

It was shown, for example, that two-level fluctuators are the dominant source of \/f 

noise in metal films [8]. For glassy systems, numerous roughly equivalent, "stable" 

noncrystalline atomic configurations must exist. Most of these states are too distant to 

have a crossover from one configuration to another, but some may be accessible within 

an experimental time scale and are thus constituting a TLF. This general picture 

suggests that a TLF is a local rearrangement of a small group of atoms. However, even 

after much research, the exact nature of TLF's is still unknown. 

Lately, TLF's have been the subject of several point-contact (PC) studies. Л PC 

probes only a very small volume (typically < 103 nm 3 ) , and can therefore be used to 

study the effect of a few or even a single TLF, present close to the contact area. Beau

tiful examples of such experiments are observations of two-level resistance fluctuations 

in clean metallic constrictions caused by lattice defects moving between two metastable 

configurations [9,10], and of the eleetromigration of a single defect through a metallic 

nanoconstriction [11]. Some recent experimental studies of anomalous features of the 

PC conductance or spectrum d?V/dI2 as a function of bias voltage ь in the region 

of small biases (<10 mV) attributed these anomalies to the presence of TLF's in the 

constriction region [6,12,13]. From a PC spectroscopic point of view, a singularity can 

be expected at е ь = E¡ when a TLF with a level splitting E} is present close to the 

"This section has been published. Point-Contact Study of Fast and Slow Two-Level Fluctuators 
in Metallic Glassesy R.J.P. Keijsers, O.I. Shklyarevskii, and H. van Kempen, Phys. Rev. Lett. 77, 
3411 (1996). 
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PC. Kozub and Kulik (KK) [14] showed that the elastic scattering of electrons from a 

TLF with different scattering cross sections for both states may lead to a sharp peak 

in the PC spectrum at small biases. Vladar and Zawadowski (VZ) [15] demonstrated 

that, at sufficiently low temperatures, a strong coupling between TLF's and conduction 

electrons may lead to a nonmagnetic Kondo-like resonance. This work did not focus on 

effects due to the PC geometry, whereas KK did not take into account the collective ef

fects considered by VZ. Both descriptions lead to anomalous features of approximately 

the same shape, which makes it difficult to distinguish judging from spectral features 

alone [6]. However, the observation of excellent agreement with conductance scaling 

predictions for two-channel Kondo scattering of electrons from TLF's [16] favors the 

work of VZ. On the other hand, only the KK calculations are able to explain the 

positive [17] sign of the anomaly that is sometimes observed [6]. For the VZ model, 

the switching rate of the TLF's should be so large that a conduction electron sees 

at least a few switching occasions during the electron-TLF interaction time. It was 

suggested [4] that, since the TLF-Kondo interaction is rather sensitive to the exact 

defect arrangement, a slowly moving TLF may modulate the TLF-Kondo scattering, 

thus making this slow defect motion observable. A similar effect may occur for the KK 

description, which mainly concerns relatively slow TLF's [14], e.g., when a rather large 

defect modulates the number of TLF's from which electrons are elastically scattered 

when passing through a point contact. 

We show in this Section that a modulation of the electron-TLF coupling by slowly 

moving defects can indeed be observed using point contacts. This requires the presence 

of many TLF's with a broad distribution of switching times close to the PC. Therefore, 

materials with a high density of TLF's, like metallic glasses, are needed. 

The experiments were performed using commercially available, 1-2 mm wide and 

60-80 μπι thick ribbons of Fe- and Ni-based metallic glasses [18] that were cut by laser 

or abrasive disc, leaving a bridge of less than 0.2 mm wide. This bridge was narrowed 

down by filing with a diamond-grain covered wire, after which the ribbon was glued 

to a phosphor-bronze bending beam covered with a thin layer of insulating kapton 

foil, leaving the bridge unglued. By bending the beam, one can break the bridge in a 

clean environment, and can accurately control the contact size between the two freshly 

exposed electrodes of the thus created, highly stable mechanically controllable break 

(MCB) junction [19]. Some additional experiments were done using silver PC's, for 

which 50 μτη thin wires with a deep notch instead of the bridge were used. The PC 

spectra and conductance curves were recorded using a DC current source and a small 

5 kHz current modulation, extracting the second and first harmonic from the voltage 

signal by means of a conventional lock-in technique. 

Fig. 5.1 displays a typical spectrum that is obtained for low Ohmic (< 30Ω) 

metallic glass point contacts. The main feature of the PC spectrum at 1.2 К is a 

deep negative [17] peak centered around ь = l ± 0 . 3 m V . The shape of this anomalous 

feature around zero bias does not change notably when magnetic fields up to 5 Τ are 

applied, which rules out the usual magnetic Kondo effect for which Zeeman splitting 

should be present. The Kondo effect was also ruled out as an explanation for the 
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Figure 5.1: Example of the point-contact spectrum of a low Ohmic Fego^o metallic 

glass MCB junction (T=1.2 K, R = 16 Ü). The inset shows the peak minimum for a 

rather high Ohmic (65 Ω) contact. 

experimental data on the resistivity of bulk samples of one (METGLAS 2826A) of the 

metallic glasses studied here [20]. 

The peak in the PC spectrum corresponds to a rather narrow maximum in the 

differential resistance R¿ around zero bias (see, e.g., curve 1 in Fig. 5.2). The decrease 
of R¿ away from zero bias, associated with the PC spectrum peak, is usually in the 
range of (1-3)% but can reach values of (5-10)% for the Ni-based metallic glasses. 
This is over an order of magnitude larger than what has been found for normal metal 
PC's [4,6]. In the range of 1.5-5mV, the peak shape is described quite nicely by both 
VZ and KK, indicating that the spectrum is here mainly determined by electron-TLF 
scattering. However, above 5-6 mV, Rd decreases proportional to ь°'5 or ь, depending 

on the specific metallic glass. This is not in agreement with the behavior expected both 

for VZ and KK, indicating that other scattering mechanisms play a dominant role here. 

Two effects were observed as the contact resistance was increased above 30-50 Ω 

(see the inset of Fig. 5.1). First of all, the peak close to zero bias was found to smear 

out, and the position of the minimum shifted towards higher biases. This effect may 

be attributed to the fact that the size of the defects to which the TLF's are related 

can become comparable to the contact size for high Ohmic contacts. Because the 

ratios of the inelastic and elastic electron mean free paths to the contact diameter 

increase for smaller contacts, it is also possible that other scattering mechanisms (like 
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Figure 5.2: Differential resistance R¿ as a function of bias voltage for Fe8o#2o (I end 2) 

and Fe32Ni36Crl4Pl2B6 (3) MCB junctions (T=1.2 К). (1) A 6.6Q contact, displaying 

almost no noise. (2) A 366il contact that shows clear noise around zero bias. The 

noise amplitude decreases as the bias voltage increases. (3) А Ц50, contact, showing 

a clear two-level switching behavior between two different R<\ peaks. Curve 3 has been 

shifted for clarity. 

electron-electron scattering) become important at small biases. 

Furthermore, the high Ohmic contacts displayed large fluctuations of the second 

harmonic signal, which sometimes made it impossible to record the spectra for small 

bias voltages. Slow registration of the differential resistance (with a time constant of 

0.03 sec) showed that this effect is connected to low-frequency, step-like fluctuations 

of Rd. Low Ohmic contacts reveal only very weak low-frequency fluctuations at small 

biases (curve 1 in Fig. 5.2), whereas high Ohmic contacts demonstrate jumps in R¿ 

that have a maximal amplitude (up to 0.5% of R¿) around zero bias, decreasing to the 

level of the background noise mostly at V=2-3mV, but sometimes not before V>b mV 

[curves 2 and 3 in Fig. 5.2, and Fig. 5.3(a)]. This behavior is in sharp contrast to the 

usual increase of the PC noise level with the applied bias voltage. 

Curve 3 in Fig. 5.2 displays reversible jumps between two slightly different differen

tial resistance peaks around zero bias. As stated above, it was suggested by Ralph and 

Buhrman [4] that a slowly moving defect (e.g., a cluster of atoms, or a dislocation) in 

the vicinity of the contact area may cause the nonmagnetic Kondo-like electron-TLF 

coupling to switch between two configurations. Experimentally, this would lead to re

versible jumps between two slightly different differential resistance peaks around zero 

ι ι 

ι ι ι 
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Figure 5.3: (a) Enlargement of a part of the third curve of Fig. 5.2, clearly showing 

two-level jumps in R¿ with an amplitude that decreases as the bias voltage increases, 

(b) Differential resistance R¿, recorded as a function of time for a 366 Ώ, FegoB2o MCE 

junction at bias voltages of 0 and 1.5 mV. At zero bias, jumps between several levels 

occur, but only two resistance levels are present at 1.5 mV (Г=1.2 K). 

bias, which immediately explains the decrease of the amplitude of the low-frequency 

telegraph-noise-like behavior of #¿ with increasing bias voltage [Fig. 5.3(a)]. When 

the slow motion of a large defect changes the number of TLF's that are probed by the 

point-contact, or certain parameters (e.g., the electron scattering cross section of one 

or both states of the TLF) of a part of them, switches between two slightly different 

differential resistance peaks may also occur within the framework of the KK calcula

tions. We therefore believe that the observed instability of the contact resistance is a 

direct result of a modulation of the electron-TLF coupling by slowly moving defects. 

Here we note that any mechanism that causes such a distinct structure in the spec
trum in a narrow range around zero bias and that is sensitive to the switching of a 
slowly moving defect in the vicinity of the constriction may lead to a similar contact 
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resistance instability. For the differential resistance peak in point-contact experiments 

two causes are discussed in the literature [1]: Kondo effect and electron-TLF interac

tion. However, in spectroscopic electron tunneling studies, zero-bias peaks have also 

been related to Coulomb blockade effects and to density of states effects. Coulomb 

blockade effects require a localized charge and are not expected to appear as a com

mon feature in a point-contact geometry where there is a direct connection between 

the two electrodes. (It is even not common in scanning tunneling microscopy.) A dip 

in the density of states near the Fermi level is known to occur due to electron-electron 

interactions. However, the related conductance reduction is theoretically expected to 

be at most of the order of e2/h [4] and cannot account for the conductance reduction 

of about 100 times this value for the 6.6 Ω sample in Fig. 5.2. As was stated above, 

the differential resistance peak cannot result from the usual Kondo effect, which leaves 

electron-TLF interaction as the only known cause for the point-contact R¿ peak. 

Generally, more than one modulating defect was present. In some cases, the number 
of active defects (or, alternatively, the number of accessible levels for one large defect) 
changed with applied bias. An example of this behavior is given in Fig. 5.3(b). Here, 
time traces of R^ for a 366 Ω FesoF^o contact display jumps between a few distinct 

levels at zero-bias voltage, whereas at 1.5 mV only one defect switching between two 

states remains active. 

For all contacts, the noise level at higher frequencies, registered with a storage 

oscilloscope using a bandpass of 0-30 kHz, stayed nearly the same or increased slightly 

as the bias voltage was increased from 0 to 10 mV, indicating that faster fluctuations in 

this frequency range do not, or only to a negligibly small level, affect the electron-TLF 

coupling. Because of the amorphous nature of the material under study, one would 

expect that TLF's over a broad range of frequencies should be present. It is very likely 

that a switching event from one state to the other of a TLF will be easier when the 

number of atoms involved is smaller, i.e., faster TLF's have a smaller size. This explains 

why only modulation by very low-frequency TLF's has been observed, because they 

are, due to their size, much more likely to affect notably the electron-TLF coupling. 

In a normal metal, the density of TLF's is approximately two orders of magnitude 

smaller [4] than for metallic glasses, and often there will be no slowly switching defects 

present in the immediate vicinity of the contact, which makes an observation of the 

effects described above unlikely. It is therefore not unexpected that the PC spectra of 

Ag MCB junctions, recorded after a low-temperature break, show little or no zero-bias 

fluctuations for most of the studied contacts. However, occasionally, R<\ is very noisy for 

small bias voltages, with the noise level decreasing with increasing bias voltage (curve 1 

of Fig. 5.4). In these cases, the relative amplitude of the noise is much higher than for 

metallic glasses, which can already originate from the fact that Ag contacts with the 

same contact resistance as a metallic glass contact have a much smaller size (3-4 nm 

for a 100 Ω contact), and the fluctuation amplitude tends to increase with decreasing 

contact size. The noise also extends to larger bias voltages, and the fluctuations are 

much faster. Apparently, the defect motion can be observed to much higher frequencies 

here than for metallic glasses, which may again be connected to the smaller size of the 
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Figure 5.4: Differential resistance R¿ as a function of bias voltage for an Ад MCB 

junction (T=L2 K). (1) Α 100Ω, MCB junction after a low temperature break. The 

noise level is very high over a rather wide bias voltage range. (2) Again, a 100Ω 

junction, after annealing the sample in vacuum at room temperature. The zero-bias 

peak is reduced, and the noise has completely disappeared. Curve 1 has been shifted for 

dainty. 

Ag contacts that leads to a stronger effect of defect rearrangement on the electron 

scattering on fast TLF's. The distortion of the zero-bias peak at higher voltages in 

Fig. 5.4 is due to the occurrence of electron-phonon interaction. Annealing of the Ag 

junction at room temperature results, for high Ohmic contacts, in a reduction of the 

zero-bias peak intensity (curve 2 of Fig. 5.4), indicating a decrease of the number of 

fast TLF's. However, slow zero-bias resistance fluctuations were never observed for 

these "annealed" samples, which implies a complete disappearance of slowly switching 

defects. 

In conclusion, using point contacts of metallic glasses, we have observed distinct 

peaks around zero bias in the differential resistance, which can be attributed to the 

interaction between conduction electrons and TLF's. Discrete jumps between two (or 

more) of such peaks in the differential resistance occurred. This can be explained by 

considering defects in the vicinity of the contact, slowly switching between two con

figurations, which cause a modulation of the interaction between conduction electrons 

and the TLF's in the vicinity of the contact. The experimental results do not provide 

unambiguoas evidence in favor of either the KK or the VZ model describing the resis

tance peak. Both mechanisms may even work simultaneously in amorphous solids. At 

higher bias voltages, clear deviations from both descriptions are found, indicating that 

other electron scattering mechanisms are important here. The measurements thus give 

an indication of the energy range where strong electron-TLF coupling occurs. 

j ι L 
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5.3 Further evaluation* 

In Chapter 4, a zero-bias anomaly (ZBA) obtained in the point-contact spectra of 
point-contacts of mechanically distorted metals was described. This anomaly could be 
ascribed to the interaction of conduction electrons with two-level fluctuators. Different 
mechanisms, based on non-magnetic Kondo-like interactions [15] and on elastic and 
non-elastic electron-TLF scattering [14], were able to explain the results. However, on 
the basis of the experiment it was not possible to decide which mechanism was the most 
appropriate to explain the data. The situation is especially complicated because the 
different mechanisms do not exclude each other but can be present simultaneously. In 
the previous Section a similar experiment has been described, but now using metallic 
glasses for which a high density of TLFs can be expected. Indeed a strong ZBA was 
found to be present. In addition, it was observed that often switching between two (and 
sometimes more) different ZBAs occurred, resulting in telegraph-noise-like variations 
of the point-contact resistance. This switching was explained as being caused by the 
occurrence of configurational changes in the neighborhood of the contact, which in turn 
influenced the two-level fluctuators present there. Again, the results could be explained 
within the framework of both the VZ and KK models. 

After publication [21] of the contents of the previous Section, the results were 
commented on by von Delft, Zaránd, and Zawadowski [22]. In this Comment, it was 
correctly stated that the strong resemblance of the VZ and К К predictions is to a 

large extend due to averaging over ensembles of TLF's and that, when a single TLF 

could be observed, a better comparison with the models can be made. They concluded 

from the smallness of the differences between the ZBAs that were found in Section 5.2 

that only one (or just a few) TLF is involved. Therefore, the differences should show 

the characteristics of a single (or a few) TLF. Comparing those differences with the 

theoretical models they concluded that the VZ mechanism clearly gives the best fit (see 

Fig. 1 in Ref. [22]). This is an interesting alternative way to analyze the data presented 

in the previous Section. The obtained conclusion that the VZ model is dominant can be 

agreed with. However, it must be emphasized that the dominance of the VZ model does 

not exclude the KK mechanisms. Generally speaking, in point-contact spectroscopy 

every scattering event on an excitation has to show up, but the amplitude may depend 

on many factors. The comparison in Fig. 1 of Ref. [22] indeed shows that there is room 

for a contribution of the KK elastic scattering mechanism. 

An interesting question is which other experiments might be able to discriminate 

between the different mechanisms. Von Delft, Zaránd, and Zawadowski [22] mention 
a V/T scaling analysis. Another experiment involves a measurement of the influence 
of the relaxation times which are very different for the different scattering processes. 

"This section is a slightly modified version of the paper: Reply to "Comment on Point-Contact 
Study of Fast and Slow Two-Level Fluctuators in Metallic Glasses" by J. von Delft, G. Zaránd, and 
A. Zawadowski, Phys. Rev. Lett. 80, 1353 (1998), R.J.P. Keijsers, O.I. Shklyarevskii, and H. van 
Kempen, Phys. Rev. Lett. 80, 1354 (1998). 
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These relaxation times can be deduced from RF response signals of the point-contacts. 
This experiment has been performed by Balkashin et ai [23] with the same materials 
as used in Section 5.2. The results, that will be discussed in detail in the next Section, 
agree with the preceding analysis. The VZ mechanism turns out to be dominant, but 
again the data do not exclude a contribution of the elastic KK mechanism. However, 
the determination of the size of the KK contribution is hampered by the presence of 
a background signal, resulting from electron-phonon and electron-electron scattering. 
This background signal is not known with high enough accuracy to allow subtraction. 

Another point that should be stressed is that different materials can contain TLFs 
of a different nature, with different electron-TLF interactions. For example, the ZBAs 
discussed in Chapter 4 were observed with both positive and negative sign, indicating 
that different TLFs may have been observed. Of course, these remarks do not lessen 
the importance of the basic observation of von Delft, Zaránd, and Zawadowski [22] 
that it is possible to study a single TLF in point-contact experiments. 

5.4 Relaxation of two-level fluctuât ors* 

In Chapter 4 and in the previous Sections, low-energy singularities observed in 

point-contact spectra of normal metals and metallic glasses have been discussed. The 

observed effects could be explained from interactions between conduction electrons 

and metastable lattice defects. Two different models by Kozub and Kulik [14] and by 

Vladar and Zawadowski [15], both describing such electron-TLF interactions, were able 

to explain the observed effects. It was not possible to discard one of the models based 

on experimental results. However, theoretical analysis [16,22] seems to favor the VZ 

model. 

It was already indicated in the previous Section that a further experiment which 

may help to discriminate between the two models involves a measurement of the in

fluence of the electron-TLF relaxation times which are very different for the different 

scattering processes involved in the VZ and KK models. These relaxation times can be 

deduced from RF response signals of a point-contact. It should be noted that, although 

the asymmetric TLF's accountable for the KK mechanism and the nearly symmetric 

TLF's in the VZ model are both frequently referred to as "fast" fluctuators, the dif

ference in relaxation times (яз I O - 5 10~6s and % 10~ n s respectively) reaches 5-6 

orders of magnitude. 

The short theoretical analysis presented below will demonstrate the possibility to 

separate different contributions to the zero-bias anomaly by investigating the non-

steady-state conductivity of PC's in the frequency range where U ; T T L F ~ 1 · This, 

in principle, gives the possibility to study the relaxation kinetics and to determine 

*This section has been accepted for publication: Relaxation of Two-Level Fluctuators m Point 
Contacts, O.P. Balkashin, R.J.P. Keijsers, H. van Kempen, Yu.A. Kolesnichenko, and O.I. Shkl-
yarevskii, Phys. Rev. В 58, 1294 (1998). 
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characteristic relaxation times of various scattering processes, as has been shown be

fore [24-26]. 

Here, experimental observations of response signals for metallic glass PC's in RF 

electromagnetic fields at irradiation frequencies ω\/2π = 6 · IO8 Hz and ω2/2π = 6 · 

IO 1 0 Hz are reported. The results will be compared to the low frequency response, after 

which some conclusions on the most important contributions are presented. But first, 

a short theoretical description of the different electron-TLF interaction mechanisms 

that affect the current through a PC will be given. 

5.4.1 Theoretical Analysis 

The addition to the point-contact current due to the presence of TLF's can be written 

as a sum 

Δ / = Δ Λ + Δ/2 + Δ/3 (5.1) 

where the first addend ΔΛ, related to the non-Fermi-liquid behavior of the electrons 

described by VZ [15], is the result of "elastic" scattering on individual defects in the 

contact area [27], 

with ño the contact resistance in absence of TLF's and Sc the contact area. Μ ( Γ , ) is 

a geometrical factor which depends on the individual TLF positions [28], 

M ( r , ) = 4 ƒ ^ ƒ ^ α ρ ( Γ , ) [ α _ ρ , ( Γ , ) - a _ p ( r , ) ] . (5.3) 

a p ( r ) is the probability for an electron with momentum ρ to reach the point r starting 

from one of the electrodes of the contact. For eV <̂C CF the function a p ( r ) satisfies a field 

independent kinetic equation as well as the boundary condition corresponding to the 

requirement of zero-current flow across the metal surface [29]. The effective scattering 

cross-section σχ for electrons on TLF's can be represented by matrix elements of the 

electron-TLF coupling. Its dependence on the energy eV of the incident electrons and 

on temperature is determined by renormalization effects which are essential only for 

nearly symmetric double-well potentials [15] for which the energy splitting between 

the two minima (asymmetry energy) Δ^ is much smaller than the tunneling energy 

(tunnel matrix element) Δ0>?. The tunneling rate between the two minima of the j t h 

TLF can mostly be taken proportional to (A0j/Ej)2 [14,30], with the excitation energy 

Ej — (Δ2, Η- Δ ^ ) 1 / 2 . It must be emphasized that the inequality Δ^ <C Δ 0 ί therefore 

generally corresponds to quickly relaxing TLF's. 

Inelastic scattering of electrons on these TLF's results in a second addend to the 

current, which is given by [30] 

1 σ 2 ^ _ . . . Г. _ . . . 2Я? 
А/,= ^ Е М ( г , ) 2eVe(EJ-eV)+Ëj + ieV'_E})qe(eV-E^ (5.4) 
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at Τ = 0, with [28] 

and σ2 the effective inelastic scattering cross-section for electrons on quickly relaxing 

TLF's. Δ/г results in first order from electrons that are scattered back through the 

contact. 

For elastic scattering on highly asymmetric TLF's (Δ^ ^> A 0 j ) , it is important to 

take the bias dependence of the occupation numbers for each level into consideration. 

This bias dependence arises as a result of a modification of the TLF state by inelastic 

interactions and leads to a third current addend [14] at Τ = 0 

^ - e V ^ E H e V - E ] q ^ V - E ^ 

where σ* and σ~ are the scattering cross-sections for the upper and lower levels, and 

Nj is the occupation number for the lower level. 

The contributions of Δ/ι, Δ/г, and Δ/3 to the PC spectrum are different. The first 

one describes a negative Kondo-like anomaly in the second derivative of the I-V curve. 

The second is analogous to the inelastic scattering of electrons on phonons and results 

in an increase of the contact resistance. This contribution to the anomalous behavior 

therefore has a positive sign with respect to the electron-phonon interaction spectrum. 

The sign of Δ / 3 depends on the sign of the difference between the effective scattering 

cross-sections af. When the energy distribution function for TLF's in the PC has a 

maximum at Ej = Eo, then, in accordance with Eqs. (5.4) and (5.5), a singularity at 

eV — EQ in the PC spectrum appears. 

The arranges at which the time dispersion for each contribution manifests itself dif

fers considerably. At relatively low frequencies the dependence d2V/dP is determined 

by Δ/ 3 . According to KK [14], the amplitude of the second derivative of the I-V curve 

for TLF's with a relaxation frequency Γ, < u> at Τ = 0 is proportional to 

' (5.6) 

Therefore, the intensity of the "spectral" term Δ/з in the RF response signal must 

drop considerably already in the MHz range [14]. 

5.4.2 Experimental 

For the RF experiments, conventional pressure-type point contacts (for a detailed de

scription see e.g. Khotkevich and Yanson [31]) were used. The point contacts were 

= k^M{^ 
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produced by bringing the edges of two metallic glass strips together by means of differ

ential screws while being directly immersed in liquid helium. Before mounting into the 

cryostat, the electrodes were cleaned by etching in a solution of nitric and hydrochloric 

acids (HNO3 :HC1:H 2 0 = 1:1:5). 

All measurements were done at Τ = 1.6 К. In a single cycle both the second har

monic of the low frequency (1.85 kHz) modulation current and the rectification signal 

for RF irradiation (using a 100% 2.43 kHz low frequency amplitude modulation) were 

registered using a conventional lock-in technique. The amplitude of the modulation 

signal at audio frequency was kept as low as possible (0.5-0.6 mV) to minimize smearing 

of the spectrum. 

The time-averaged I — V curve of a PC under RF irradiation of frequency ω may 

be expressed in the following form [32,33]: 

w=E4(B)'.(v» + 4) <"> 
n = — < x > x ' 

where V = £> + v\ cose*;/, the Jn are Bessel functions of order n, v\ is the AC voltage 

amplitude in the contact determined by the RF field, and /o(Vo) is the non-perturbed 

I — V curve for DC current. 

This expression can be transformed into the standard form for a classic detector in 

the low frequency limit (hut <C ev\) [34,35] 

π/ω 

T(V) = - Í I0(Vo + vi cosu;*)<ft. (5.8) 

0 

In the low signal limit (vi <C Vo) the current response under irradiation (the difference 
between the perturbed and non-perturbed I — V curves) can readily be obtained from 
Eq. (5.8), 

ад) = W) - /o(Vo) = v-j·^^ (5-9) 

and is proportional to the second derivative of the I — V curve. It must be mentioned 

that in the experiments the voltage response is measured (a small addition to the 

voltage due to the RF irradiation) which is related to the current response by \SV\ = 

\SI\{dV/dI). 

In the RF experiments, the typical point-contact resistance was about one order 

of magnitude smaller than the free space wave impedance, ρ = 120πΩ ~ 377Ω. We 

therefore used current sources for both the RF and the low frequency measurements. 

The electromagnetic field was delivered to the point contact using a standard 10x23 

mm cross-section X-band waveguide with a smooth transition to a 2x23 mm cross-

section, or using a coaxial cable with a 75 Ω resistor in a coupling loop close to one 

of the electrodes (see Fig.5.5). The electrodes (c,d) were positioned in a hole through 

the waveguide (a) in such a way that the point contact was located at its center. By 

moving the short-circuit plunger (b) one can change the structure of the RF field near 
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ΥΛ 

Ь 
V. 

Figure 5.5: Experimental setup for RF response signal measurements in point contacts, 

(a) X-band waveguide, (b) short circuit plunger, (c,d) electrode holders with metallic 

glass electrodes, and (e) coaxial cable with a 75 Ω resistor in a coupling loop. 

the point contact. Its optimal position can be found by maximizing the output signal. 

We restricted the frequency range to 60 GHz to prevent a transition to the quantum 

detection regime. The energy of a photon is then ηώ ~ 0.25 meV which is considerably 

less than the spectral width of the observed singularity. 

During the measurements the RF power level, controlled by a rf-diode, was kept 

constant. The intensity of the RF irradiation was adjusted to the minimal level that 

provided a detection signal amplitude of about 1 μΥ. 

In a part of the experiments the response signal was measured for a few levels of 

RF irradiation to verify the linear dependence between the amplitude of the detected 

signal and the applied power. 

5.4.3 Results and Discussion 

Typical c/2V/i//2(Vr) dependencies and RF response signals for the iron-based Fegotbo 

and Fe78Mo2B2o (METGLAS 2605 and 2605A) and nickel-based Fe32NÌ36Cr14Pi2B6 

(METGLAS 2826A) metallic glasses are presented in Fig.5.6. The second derivative of 

the I-V curves shows a sharp minimum at a bias voltage ь « 1 mV due to the electron-

TLF interaction, accompanied by a transition to a smooth negative background at 

Vb > 10 mV. There, the differential resistance of the contact decreases proportional to 

Η or V^'5 which can be explained by an interaction between conduction and weakly 

localized electrons [7]. In the intermediate region, a rather pronounced maximum 

sometimes occurs at ъ ~ 5mV for Fe8oB2o and Fe78Mo2B20. This can be understood 

as a result of a superposition of electron-TLF, electron-phonon and electron-electron 

interactions. 
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Figure 5.6: RF response signals at 60 GHz (thick solid line) and 0.6 GHz (dashed line) 

and d2V/dP(V) dependence (thin solid line) for (a) a 26-Q FesoB-20 point contact, (b) 

α 8-Ω Fe7SMo2B2o point contact, and (c) α 15-Ω Fez2Ni^CriAP\2BQ point contact. 

The main problem in RF measurements is the calibration of the response signal 

with respect to the second derivative signal. For normal metal point contacts this 

can be done simply by fitting the intensities of the low energy electron-phonon inter

action maxima [25]. The fact that in metallic glasses electron-electron interaction is 

the dominant scattering mechanism at elevated bias voltages is very important here, 

because one can expect that the corresponding scattering time is very short and the 

second derivative and RF signal amplitudes for different ω must therefore be practi

cally the same. A calibration can then be made by fitting the background signals at 

M > 1 5 - 2 0 mV. 

Experimental proof for this suggestion is presented in Fig.5.7, where the dtV/dPiV) 

dependence and the RF response signals are plotted for а Гезг^збСгиР^Ве point 

contact which was obtained as a result of a spontaneous electrical breakdown of a 

more high-ohmic junction. Evidently, during this process which includes local heating 

(or even melting) of material within the contact area, the degree of disorder decreases 
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Figure 5.7: RF response signals at 60 GHz (thick solid line) and 0.6 GHz (dashed line) 

and d2V/dI2(V) dependence (thin solid line) for a short circuited (partly re crystallized) 

22-Q, Fe32Ni3eCrl4Pi2B6 point contact. 

and phonon-electron reabsorption processes become more important at sufficiently high 

Vb> explaining the change to a positive sign for d?V/dI2(V). An estimation of the 

phonon-electron relaxation time gives a;rph.e ~ 1 at α;/2π=6-8 GHz and therefore ωχ <C 

Wph-e <C k>2, in full accordance with the fact that the response signal at 0.6 GHz follows 

the behavior of the second derivative, whereas for the 60-GHz curve the background 

remains negative. It must be noted, however, that for the nickel-based metallic glass 

with a relatively small background (less than 10% of the zero-bias anomaly amplitude) 

the proposed calibration procedure is not very accurate and may result in a 10-20% 

error in the intensity. 

The zero-bias anomaly in the RF response signals is somewhat smeared and has 

a reduced amplitude compared to the low energy singularity in a^V/dl2. This effect 

is already clearly visible at 0.6 GHz and becomes larger at 60 GHz for a majority 

of the contacts. It should be stressed that the shape of the RF curve is completely 

different from that of the second derivative smeared by temperature or a large (up 

to 2-3 mV) modulation voltage. This indicates that the RF power dissipation in the 

contacts is moderate enough and does not cause overheating. The size of the effect 

varies slightly from material to material and from contact to contact. Those variations 

are most likely due to a different nature of the structural defects responsible for the 

TLF formation, and a different spectral distribution of relaxation times. However, the 

amount of TLF's contributing to the nonlinear behavior of the contact conductivity 

ranges from a few hundreds to a few thousands for PC's with a resistance of 10-30 Ω 

according to estimations based on a universally adopted figure for the TLF density of 

J I I I I L 
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Figure 5.8: Differential resistance dV/dI(V) (thin solid line) and integrated RF re

sponse signals at 60 GHz (thick solid line) and 0.6 GHz (dashed line) for the contacts 

presented in Fig.5.6(a)-(c). 

10 4 — 10 5 per atom. This excludes a large variation in distribution functions for 

TLF's. 

The estimated minimal relaxation time in the metallic glasses under investigation 

[4,7] ranges from 10~10 to 10~ n s. The situation where the relaxation frequency TTLF <C 

U>I therefore corresponds to the suppression of the signal from relatively slowly (in the 

MHz range) relaxing TLF's. A further reduction of the zero-bias anomaly amplitude 

at u?2 is determined mainly by an additional decrease of the contribution from these 

TLF's, because faster relaxing ones (GHz range) are nearly symmetric (with the same 

effective scattering cross-section for both levels) and do not contribute much in Ali \ 

Note that the Δ/^ has the positive sign. 

At first glance, the relatively high amplitude of the low bias singularities in the RF 

response signal up to 60 GHz seems to indicate that the main mechanism behind the 

zero-bias anomaly is the non-magnetic Kondo resonance [15]. It furthermore suggests 

that the spectral density of almost symmetric, quickly relaxing TLF's in metallic glasses 

must be surprisingly high (or, otherwise, that the VZ model is not so sensitive to the 

Δ <̂C Δ 0 condition). It should be noted, that the original VZ model does not anticipate 

any frequency dependence, but it certainly must exist at sufficiently high ω. The 

spectral term Δ/3 ' that arises due to the elastic scattering of electrons is determined 
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by relatively "slow" TLF's with relaxation times of 10"5 — 10~8s, and seems to be 
noticeably smaller in our case. However, the relative magnitude of the contribution 
due to the non-magnetic Kondo-effect may be overestimated here when a considerable 
background is present in the spectrum. 

To clarify this issue, cPVyd/2(V) was integrated to obtain the bias dependence of 
the differential resistance R¿(V) of a contact. By applying the same procedure to 
the RF response signals, quantities are obtained that are formally proportional to the 
differential resistances of the contact measured at ωχ and ω2. Figure 5.8 shows a set of 

such curves corresponding to the data plotted in Fig.5.6. An increase of the differential 

resistance in RF measurements can be interpreted as a suppression of the spectral 

contribution. It occurs approximately within the same ь limits of ± 7 — 10 mV where 

a modulation of the differential resistance by slowly moving defects was observed [21]. 

For the iron-based METGLAS 2605 the situation is somewhat complicated, but for 

the other materials the relative increase of the "differential resistance7' in the range 

-10mV< Vb < 10 mV is nearly the same for ω\ and u;2 and amounts to 15-20%. This 

means that the KK part of the signal is still rather substantial at low frequency. The 

uncertainty in the calibration and in the determination of the contribution to the 

background signal at low biases by electron-electron and electron-phonon scattering 

processes makes more accurate estimations very difficult. In fact, if we assume a 

linear background starting from V=0 and subtract this background, the KK and VZ 

contributions are found to be of approximately the same magnitude. This indicates 

that the KK contribution may certainly be present. 

5.4.4 Conclusion 

Above, it was shown that the contributions to the zero-bias anomaly in point-contact 

spectra of metallic glasses by different electron-TLF interaction mechanisms can be 

separated by measuring RF response signals. These measurements indicate that the 

dominant mechanism in a certain class of metallic glasses is the two-channel Kondo 

scattering proposed by VZ [15], and that the elastic scattering (KK) model [14] is of 

less significance. The exact shape of the background signal due to electron-phonon 

and electron-electron interactions is unfortunately unknown. Depending on the chosen 

background, the KK contribution may be of the same magnitude as the VZ contribu

tion, and may therefore still be quite important. 

We wish to stress that the results presented here should not be generally applied to 

different classes of met alii с glasses, where the TLF's present may be of a different nature 

and the relative importance of the different electron-TLF interactions are most likely 

not the same as for the metallic glasses studied here. This is corroborated by a study 

of the low-energy singularity in spectra measured at simple metal point-contacts [6]. 

The sign of the peak was different for crystalline bulk samples and point contacts of 

thin films of low crystalline quality, indicating that different types of TLF's may be 

under study, and different interaction mechanisms may be of importance. 
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chapter 6 

Electron Tunneling Experiments 
in Vacuum 

The extremely high stability of the mechanically controllable break junction makes 
it a unique tool for studies of electron tunneling between metallic electrodes. The 
introduction of small piezo elements underneath the anchoring points of the break 
junction gives the possibility to make line scans of electrode surface profiles and to 
record three dimensional images of small areas on one of the electrodes. The tunnel 
resistance of mechanically controlled break junctions of Al, Pt, and Pt-Ir has been 
studied as a function of the electrode spacing. Clear deviations from the expected 
exponential behavior have been observed. Comparison with previous experimental 
and theoretical studies indicate that the discussed deviations are most probably due 
to the shape of, rather than to interactions between, the two electrodes. 

6,1 Introduction 

Over the last decade, the scanning tunneling microscope (STM) has developed into one 
of the most generally used instruments for the study of surfaces and small structures 
[1-3]. The atomic resolution in topographical measurements is a consequence of the 
strong dependence of the tunnel current on the distance between the tip and sample. 
The most simple and crude approximation describing the tunnel current is a planar 
model of the barrier, leading to an exponential decrease of the tunnel current as a 
function of increasing electrode spacing. If as a first order correction the interaction 
between the tunneling electrons and the opposing electrode, at which a charge builds 
up, is incorporated (image potential), the barrier height and width are found to reduce, 
but the general result stays the same for low bias voltages [4]. 

Some experimental studies of the tunnel current as a function of distance between 
tip and sample have been presented in the past. Gimzewski and Möller [5] have studied 

71 
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the transition from tunneling regime to point contact for a clean Ir tip and a polycrys-
talline Ag surface. They observed the onset of a plateau in the tunnel resistance at 
small tip-sample distances (< 2.5 — 3Â before a jump to contact), which was subse
quently explained theoretically by Lang [6]. He modeled the system by two flat jellium 
electrodes with a single tip atom present at one of the surfaces, and found that the 
tunnel current as a function of electrode separation leveled out at a conductance value 
of η2β2/Η (η being of order unity) as the situation came close to a one-atom size con

tact. A tight-binding calculation by Ferrer, Mart in-Rodero, and Flores [7] produced 

comparable results. Dürig, Züger, and Pohl [8] studied the approach of an Ir tip to an 
Ir sample and found only a weak onset for a plateau at small separations. Ciraci and 
Tekman [9] showed theoretically that, depending on material and tip-specific features, 
the tunnel resistance may saturate at very small distances, but can also increase almost 
linearly up to contact when plotted on a logarithmic scale. 

To avoid deviations due to drift of the piezo elements that control the position 
of the tip with respect to the sample surface, current versus distance curves in STM 
studies are mostly recorded at a high speed. Averaging over several curves is applied 
to reduce the noise (see, e.g., Ref. [8]). A much higher stability is reached in tunneling 
experiments using mechanically controllable break (MCB) junctions [10] where the 
possibility to make scans of the surface topography has been sacrificed. The noise level 
of single current versus distance curves is very low, and the curves can be recorded very 
slowly. An example of such measurement was given by Krans et al. [11]. In contrast 
to the experimental and theoretical results discussed above, they observed a faster 
than exponential behavior at a Pt MCB junction at very small electrode separations. 
This was explained to result from attractive forces between the front atoms of the 
two electrodes. In all these experimental and theoretical investigations of tip-sample 
approach, deviations from exponential tunneling behavior were present only over at 
most two decades of the tunnel resistance, just before the jump to contact. 

In a recent theoretical article, Laloyaux et al. [12] calculated the tunnel current for 
different 3D geometries of the two electrodes (tip and sample) by numerically solving 
the exact Schrödinger equation for the electron tunneling problem in such a multidi
mensional configuration. They studied the tunnel current as a function of tip-sample 
distance for sharp (hemispherical) and blunt (cylindrical) tips above a flat surface, 
and also studied the influence of the presence of a Gaussian boss or dip at the sample 
surface. Their results showed that certain tip-sample geometries can lead to signifi
cant deviations from the exponential relation between tunnel current and tip-sample 
distance over more than four orders of magnitude of the tunnel current. 

In this Chapter, experimental observations of deviations from exponential tunneling 
behavior over a wide range of tunnel resistances between 10-20 кП and 1-5 G Ω will be 

presented. The physical origin of these deviations, which is most probably a dependence 

of the tunnel current versus distance relation on the 3D tunnel junction geometry, will 

be discussed. To ensure that the tip in the experiments had a well-defined apex, all 

measurements which did not show a well-defined jump to a one-atom point contact 

at relatively small distances were discarded. Current-distance curves which displayed 
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Figure 6.1: Small pieces of piezo material, placed underneath the two anchoring points 
of an MCB junction, provide a possibility to move the two electrodes laterally with 
respect to each other, 

characteristics attributable to strong mutual interactions between the electrodes were 
also observed. Like Krans et ai [11], we found a faster than exponential decrease 
of the tunnel resistance with decreasing electrode separation only below 300-500 kQ, 
Electrode interactions observed using MCB junctions have been discussed in detail by 
Voets et ai [13]. 

6.2 Experimental 

The observation of possible deviations from exponential tunneling behavior requires 
a highly stable tunnel junction with an adjustable tip-sample (or tip-tip) distance. 
Therefore, we used the mechanically controllable break junction technique [10,14] for 
our experiments. MCB junctions have already proven their high stability and adjusta
bility in a study of the transition from weak link to superconducting tunnel junction [10] 
and in one-atom point-contact experiments [11]. The stability of our setup is illustrated 
by the fact that we found it possible to reproduce current-distance characteristics sev
eral times over periods of more than 60 minutes. A drawback of the MCB technique is 
that it is difficult to calibrate the tip-sample displacement, because it depends on the 
specific sample arrangement and on the way the sample breaks. However, as was shown 
in Chapter 3, the electrode separation should vary linearly with the voltage applied to 
the piezo driver that controls this separation. 

6.3 Lateral electrode displacement 

Compared to an STM, the MCB junction has sacrificed the option to displace the 
electrodes laterally with respect to each other for the benefit of having a much more 
stable configuration. For many tunneling experiments, and certainly for experiments 
which intend to study effects of the electrode geometry, it is useful to have at least 
some knowledge of the electrode surface topography. We therefore also performed 
experiments where small pieces ( 5 x 3 x 1 mm3) of piezo material were placed underneath 
the two anchoring points. Using one piece that changes its thickness as a voltage is 
applied, and one piece that gives a horizontal displacement of its surfaces with respect 
to each other (shear piezo), it was possible to move the electrodes with respect to each 
other laterally (Fig. 6.1). The variation of the tunnel current can then be measured 
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Figure 6.2: (a) Logarithmic plot of the tunnel resistance of a Pt MCB junction as a 
function of the shear-piezo voltage (T=4-2 К, ъ=50 mV), The obtained displacement is 

about 0.6 Â/V. One of the electrodes is most likely atomically sharp, and the curve can 
be interpreted as a line profile of the other electrode. The arrows indicate different types 
of selected locations at which \og[Rt(s)]~curves were recorded (see Section 6.5). (b) Line 
scan over a wider shear piezo voltage range. The electrode separation was adjusted each 
time the tunnel current became too large or too small. The 16 consecutively measured 
line 'segments were reseated afterwards to create a single image. 

as the electrodes are moved around. The obtained lateral displacement at 4.2 К is 

estimated to be about 0.6 Â/V. 

Of course, the data obtained in this manner contains information on the surface 
topographies of both electrodes. Since the electrodes are created in a breaking process 
where a wire is stretched at a weak point before breaking, one may expect that at 
least one of the electrodes is atomically sharp, i.e., it has one or just a few protruding 
atoms. This is corroborated by the fact that it is relatively easy to establish one-atom 
point contacts using MCB junctions [11]. However, lateral scans often display no or 
only a very weak corrugation. For these scans, the tunneling is most likely taking place 
between flat parts on both surfaces, and atomic resolution cannot be obtained. On the 
other hand, some scans display very clear atomic-size corrugations. For these scans, 
the sharpest electrode probably has a single protruding atom [15]. We therefore assume 
that such images reflect the surface topography of the blunter of the two electrodes. 
Figure 6.2(a) shows such an image, recorded using only the shear piezo. The measured 
structure can be interpreted as an atomically resolved image of one of the Pt electrodes. 
From this image, an interatomic distance of about 4 A can be estimated. However, it 
is unknown in which crystallographic direction the surface is scanned, so a value for 
the lattice constant cannot be determined from this image. Nevertheless, the fact that 
the measured interatomic distance is very close to the literature value of 3.92 Â for 
the Pt lattice constant strongly supports the interpretation that the structure shown 
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Figure 6.3: Three-dimensional image of the foremost part of the surface of the bluntest 
electrode. All data below a certain value have been cut, and a horizontal plane has been 
introduced in the figure at this value. The figure displays an area of about 15x 15 A. 

in Fig. 6.2(a) is an atomically resolved image of the blunter of the two electrodes. 
Figure 6.2(a) shows that the surface of the Pt-electrode is rather rough, which can 

be expected for an electrode created in a breaking process. This is even more clearly 
visible in Fig. 6.2(b). Here, the shear piezo was scanned over a wider range. Again, 
the tunnel current was recorded as a function of the voltage applied to the shear piezo. 
Every time the tunnel current became too high or too low, the electrode separation 
was adjusted (this to avoid the occurrence of a jump to contact, and for keeping the 
measurement accurate) before continuing the measurements. The 16 line segments were 
rescaled afterwards to create a single image. The estimated variation in corrugation 
height is approximately 10-15 A, while the lateral displacement is about 100 A. 

One can easily avoid having to record separate line segments by doing measurements 
at constant current, which is common procedure in STM experiments. Therefore, a 
feedback system was introduced in the experimental setup that controlled the voltage 
applied to the piezo driver that is used to set the distance between the two electrodes. 
When the electrodes are displaced laterally with respect to each other, this feedback 
system automatically adjusts the electrode separation to keep the tunnel current con
stant. This was used to obtain 3D images of the electrode surfaces. Figure 6.3 shows an 
image of a 15x 15 A area of a Au surface at T=4.2 K. Atomic corrugations are clearly 
visible, with an interatomic distance that is in good agreement with the literature 
value. Unfortunately, an image of such quality is quite rare. Mostly, the surface is very 
steep, and it is often impossible to measure clear corrugations. Similar problems were 
encountered by van der Post tt al. [16,17], who independently studied this possibility 
to build a high stability STM using Pt MCB junctions. 

6.4 Material flow shortly after the break 

The distance .« between the two electrodes of an MCB junction is controlled by a vertical 
force applied to the center of the bending beam that causes a small displacement y 
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Figure 6.4: (a) Drift of the tunnel resistance Rt for an Al-sample directly after break 

(Τ =4-2 К). Each curve represents a period of about 6 minutes, starting (1) 10, (2) 20, 

(3) 30f (4) 60 and (5) 180 minutes after breaking. After three hours, the change in Rt 

has become less than 5% over a period of 6 minutes, (b) Drift of Rt for a Pb-sample 

directly after the electrodes had been pressed together for a short time (Т=4-2 К). The 

drift decreases quickly and is negligible after 12 minutes. The electrode separation was 

adjusted twice during the measurement to avoid direct contact. 

of this center. In principle, the linear relation s oc y holds (Chap. 3). However, 

there are certain effects that may cause changes in s independent of y. This will affect 

the shape of measured current-distance (or tunnel resistance-distance) characteristics. 

First of all, experimentally measured Rt(s) curves may deviate from their real shapes 

due to thermal drift. However, we found that this effect was only significant in our 

experiments during the first hour after filling our cryostat with liquid helium. 

Furthermore, we found that material flow ('backward', i.e., the tunnel distance 

increases while the piezo voltage is kept constant) was a rather large effect shortly 

after breaking the sample. It was found to depend strongly on the notch depth, and 

turned out to be larger for 'soft' materials like Au, Al, and Pb, than for Pt or a 

Pt-Ir(3%) alloy. Apparently, the electrode material is stretched during the breaking 

process, and after the break the electrode surfaces slowly relax. 

Figure 6.4(a) shows the drift of the tunnel resistance Rt for an Al-sample which 

was previously cut for about 80% of its diameter. The change in Rt was as large as 
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two orders of magnitude over 5-6 minutes (which is the typical measuring time) shortly 

after the break, but dropped to an acceptable level of a linear change of Rt(t) of 2-

5% in 6 minutes after waiting for 3 hours, and became negligible after a period of 10 

hours. The total 'backflow' of sample material is estimated to be 100-1000 Â starting 

from the moment of break. The amount of wire elongation shortly before the break is 

approximately 5-10 μτη. 

Another material-flow effect can be observed when one is changing the electrode 

geometries by pressing the electrodes together, creating a point contact with a diameter 

of 100-300 A for a short time. The deformation is at least partially elastic, and after 

separating the electrodes fít tends to decrease [see Fig. 6.4(b)]. However, this effect is 

much smaller, and Rt saturates after 10-15 minutes for 'soft' materials, and after 3-5 

minutes for Pt and the Pt-Ir(3%) alloy. 

A flow of the bending beam material may also be involved in the effects observed, 

but its contribution must be very small due to the fact that the cross-sectional area 

of the bending beam is about four orders of magnitude larger than the one of the 

notched filament, and almost every time all of the bending takes place within the 

elastic deformation limits of the beam. 

After a jump to a one-atom contact, the electrodes can also suffer an irreversible 

change in atomic configuration. In that case, however, a new equilibrium situation is 

reached within seconds. 

All the effects described above can influence the shape of the measured current-

distance characteristics. However, by waiting long enough for electrode material to 

relax into an equilibrium configuration, it was possible to diminish these effects to a 

negligibly small magnitude. 

6.5 Influence of the electrode geometry* 

The distance between the electrodes of an MCB junction is regulated by bending 

the beam where the junction has been placed on. This is achieved by moving the center 

of the beam vertically while the ends are clamped. It was derived in Chap. 3 that the 

obtained tip-tip displacement should depend linearly on this vertical displacement y. 

The distance y is depends linearly on the voltage Vp applied to a piezo driver. 

Figure 6.5 shows the tunnel resistance Rt of Al, Pt and Pt-Ir(3%) MCB-junctions 

plotted on a logarithmic scale as a function of Vp. All curves are displayed as recorded 

(without any averaging procedure), demonstrating the high stability of the MCB setup. 

The curves were always reproduced 2-4 times to check their validity. The first three 

curves of Fig. 6.5 display a perfect exponential behavior of the tunnel resistance over 

about four orders of magnitude, at bias voltages of 5 mV for the Pt and Pt-Ir, and 10 

*The results presented in this section have been published previously: Electrode geometry influ
encing the tunnel resistance tn a mechanically controllable break junction, R.J.P. Keijsers, J. Voets, 
O.I. Shklyarevskh, and H. van Kempen, Physica В 218, 283 (1996). 
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Figure 6.5: Logarithmic plot of the tunnel resistance as a function of piezo voltage for 

MCB-junctions of (1,4) Al, (2,5) Pt, and (3,6,7) Pt-Ir(3%), at Τ =4.2 К. The applied 

bias voltages are 10 mV for the Al-junctions, and 5 mV for Pt and Pt-Ir. Curves 1-3 

show almost perfect exponential behavior over at least four orders of magnitude, while 

curves 4~~6 display a slow bending (decrease of the slope) over the same range. Curve 

7 shows on some parts an increase, and on some parts a decrease of the slope. The 

curves were recorded starting from a large distance (high Rt), decreasing the electrode 

spacing until a jump to contact took place. For curves 3 and 6, the scans were reversed 

shortly before the jump, showing the small piezo-hysteresis in our setup. A small part 

of curve 3 has been enlarged by a factor five. The achieved displacement is estimated 

to be ^¿1 A per decade change in Rt. Because the electrode separation to piezo voltage 

ratio depends on specific sample parameters, the horizontal axis has been reseated for 

some curves for clarity. 

mV for the Al-sample. The fact in itself that it is possible to record perfect exponential 

behavior strongly supports the theoretically predicted linear s(y) dependence, because 

it is very unlikely that some nonlinear relation between у and the tip-tip distance s 

can be compensated so perfectly by effects of the shape of, or interactions between, 

the two electrodes. An exponential Rt{s) dependence can be the result of a tunnel 

geometry of a sharp tip above a flat surface, for it was shown theoretically that a 

geometry of a hemispherical tip above a flat surface does not lead to notable deviations 

from exponential behavior [12], and furthermore, attractive Van der Waals forces are 

negligible for sharp conical tips [18]. Of course, many other tip-sample geometries can 

be constructed that will also lead to an exponential Rt(s) dependence. The applied bias 

voltages are sufficiently low to avoid effects of power dissipation [5] and electrostatic 

forces [8]. We also recorded Rt($) curves at bias voltages up to 50 and 100 mV, and 

found no significant changes compared to the measurements at lower biases. 

When all precautions are taken, the Rt(s)-curves measured when scanning s from a 

large distance almost up to the jump to contact, and the ones recorded when scanning 

back, practically coincide (curves 3 and 6 in Fig. 6.5). The very small differences 
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between the 'upward' and 'downward' recorded curves due to a hysteresis of the piezo 
driver are hardly visible. The loops could be reproduced several times, so the deviations 
cannot be due to material flow. 

As stated before, it is not possible to calibrate the electrode separation as a function 
of applied piezo voltage for an MCB-junction, because the s(y) relation depends on 
certain sample parameters (e.g., the distance between the anchoring points). We indeed 
found that the slope of log[ßt(<s)] curves measured as a function of Vp may differ 
by a factor of two for different samples. However, using known values for the work 
functions φ of specific materials for clean electrodes, and a simple formula for the 

tunnel current as a function of tip-sample separation [1], it can be estimated that one 

decade change in the value of the tunnel current (tunnel resistance) corresponds roughly 

to a displacement of about 1 A for the materials discussed here (and also for a number 

of other materials). We thus can get a reasonable estimation of the experimentally 

obtained electrode displacements. 

Curves 4-7 in Fig. 6.5 display features which, to our opinion, must be attributed to 

effects of tip-sample geometries. The curves show clear deviations from an exponential 

dependence over the whole range that was scanned (more than four orders of magnitude 

in Rt1 starting at 1 GH and ending at «100-50 кП where a jump to a one atom point 

contact occurs). This suggests that it is unlikely that we are dealing with effects 

stemming from tip-sample interactions, because these have been shown to extend over 

a much smaller range close to contact, both theoretically (over one [6,7] or two [9] 

decades) and experimentally (up to only 20-30 kfì [5,8] or 500 Ш [11,13]). The observed 

deviations from an exponential dependence were present in about 5% of all recorded 

curves. The curves displayed in Fig. 6.5 have been selected to clearly demonstrate the 

different types of observed deviations. 

Curves 4, 5 and 6 in Fig. 6.5 display a gradual, continuous change of the slope over 

the whole displacement range, starting at least 4-5 A before the jump to contact. This 

type of behavior was predicted by Laloyaux et al. [12] for a geometry of a cylindrical tip 

facing a flat sample, where a slow bending of log[/t(s)] over four orders of magnitude 

of Д was found for a tip-sample displacement from 1 to 5 Â. 

Curve 7 of Fig. 6.5 displays another type of #t(s)-dependence that we have 
observed. It is characterized by an alternately increasing and decreasing slope of 
log[ßt(s)], and was observed for Al and Pt also. This type of curve was predicted 
by Laloyaux et al. [12] for configurations of a hemispherical tip (modeling a sharp 
tip) opposing a gaussian dip or boss in or on a flat surface. Their calculated log[/t($)] 
showed approximately the same, though somewhat weaker, effects in the tip against dip 
geometry compared to the one of a tip facing a boss. Also, the tunnel current decreased 
more slowly for the first geometry when compared to the latter (three, respectively four 
orders of magnitude at a displacement from 1 to 5 Â). 

Qualitatively, the experimental results seem to support the theoretical work of 
Laloyaux et al. [12]. However, the actual shapes of the electrodes were not known in 
the experiments. To obtain at least some information about the electrode geometries, 
we made lateral line scans of the surface profiles for several Pt junctions, recording 



80 Chapter 6. Electron Tunneling Experiments in Vacuum 

^^ 
α 2 
w 

Q: 

10" 

10" 

10° 

io' 

102 

103 

О 50 100 150 

ρΐβζο voltage (V) 

(electrode separation) 

Figure 6.6: Logarithmic plot of the tunnel resistance of Pt MCB junctions as a function 

of piezo voltage (T=4-2 A', ъ\ъ&=5 mV). Curves Α-F are examples of the \og[Rt(s)] 

behavior that was mostly observed for different samples at selected locations comparable 

to the locations A-F indicated in Fig. 6.2(a). 

log[#t(s)] curves at selected sites comparable to the ones indicated in Fig. 6.2(a). 

Assuming that a shear-piezo scan like Fig. 6.2(a) represents a profile of the bluntest 

electrode, and that the other electrode is acting as a sharp tip, the log[/?t(.s)] curves 

recorded at the selected sites are expected to correspond to the theoretical situations 

[12] of a tip opposing a boss (locations A and B), a dip (E), or a rather flat part 

of the surface (C and D). Figure 6.6 shows six log[/?t(s)] curves that represent the 

behavior that was generally observed when such curves were recorded at locations 

similar to the sites Α-F in Fig. 6.2(a). Bended log[Ät(s)] curves were mostly only 
found for locations like E and F, the bending being stronger for F, where the Чір' is 

approaching a very steep part of the 'sample'. Here, several tip atoms may contribute 

to the electron tunneling process. At locations like A, B, C, and D, mainly straight 

log[#t(s)] curves were obtained. The curves at D-type locations were often less steep 

than for Α-C. Still, bended curves were sometimes observed for locations like В, C, and 

D, but for very sharp locations like A, the log[Ät(s)] curves were always straight lines. 
These experimental results do not correspond to the expectations based on the work of 
Laloyaux et al. [12]. The experiment was repeated using Al and Pt-Ir MCB junctions. 
In general, the same discrepancy between theoretical predictions and experimental 
results was found. Since the experimental situation is far more complicated than the 
theoretical one, where only planar surfaces with cylindrically symmetric protrusions 
and indentations of a certain shape were considered, the model geometries may be too 
simple to adequately describe the tunneling between the rather rough electrode surfaces 
of an MCB junction. Also, the information on the surface topography that we have is 
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Figure 6.7: The surface site with the shortest distance to the tip changes when the tip 
is moved towards a tilted or irregularly shaped sample surface. 

limited to only a single line, so what seems to be a flat part in our line scan may turn 
out to be not flat at all if the perpendicular direction would be scanned. Additionally, 
one should bear in mind that the line scan of Fig. 6.2(a) cannot be an exact image of 
the surface topography, because the slope of the curves differs for different locations, 
and because the log[Ät(s)] curves are sometimes bended. Nevertheless, since it is not 
likely that the shape and slope of the log[ß t(s)] curve changes abruptly somewhere 
along the scanned line, and because the resulting variations in Rt are much smaller 
than the measured variations shown in Fig. 6.2(a), the recorded line scan still provides 
a reasonable image of the surface topography in one direction. 

It is well possible that the observed nonlinearities of log[/?t(6)] have a much more 
trivial origin. When the normal axis of the tunneling area on the sample surface is not 
in the direction of tip displacement, the site at the sample surface with the shortest 
distance to the foremost tip atom changes as the tip is moved (Fig. 6.7). A logf^-s)] 
curve recorded at such a tip-sample configuration thus, to some extent, incorporates 
a scan of a part of the sample surface. For a flat tilted surface only the slope of the 
log[ß t(s)] curve is changed. However, when the surface is rather irregular, the slope 
of log[#t(s)] varies with s, and curves like the ones displayed in Figs. 6.5 and 6.6 may 
be observed. In fact, theoretically almost any line shape for log[# t(s)] can be obtained 
by choosing the right configuration for the sample surface. In practice, very abrupt 
variations of the surface are not expected, and the number of possible line shapes will be 
limited. Still, it is quite striking that only the shapes that were predicted by Laloyaux 
et ai [12] have been observed. 

The measurements at selected locations show that at locations with different sur
face topographies, different log[# t(s)] relations may be found. These differences, and 
the sometimes observed deviations of Rt(s) from exponential behavior over the whole 
measured resistance range, are caused by the specific electrode geometries. One should 
theiefore beware for errors in STM images and Rt{s) curves due to the tip-sample 
geometry. On the other hand, Rt($) cuives recorded using the very irregularly shaped 
electrodes of an MCB junction still display exponential behavior for about 95% of all 
measured curves. This shows that these highly stable junctions are well suitable for 
electron tunneling experiments. Also, the chance of errors occurring in STM images 
due to its (usually well-defined) tip-sample geometry must be very small. 
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chapter 7 

Electron Tunneling Experiments: 
Influence of Adsorbed Helium 

The tunnel resistance of highly stable mechanically controlled break junctions of 

Al, Pt, Ag, and Au, recorded as a function of the electrode spacing, is found to be 

strongly influenced by the presence of adsorbed He atoms at low temperatures. In 

a certain range of interelectrode distances, the tunnel current is reduced compared to 

vacuum tunneling. This reduction is found to be bias voltage dependent at small biases 

and has a typical width of 15 20meV at 4.2 K, centered around zero bias. The tunnel 

resistance value at which the relative reduction is maximal varies between 100 ΜΩ and 

1 G$7, and the maximum value seems to be both material and sample dependent. The 

latter may be connected to differences in the exact electrode-surface geometries. When 

the measurements are performed in He gas at Τ — 1.2 К, telegraph noise-like resistance 

fluctuations of the tunnel resistance occur in a limited range of electrode separations. 

These fluctuations are attributed to transfers of He atoms between adsorption potential 

minima. The transfer rate varies with the applied bias voltage to a power p, which is 

between 1.3 and 1.7 for 4 He, and about 2 for 3 He. This bias dependence may be due 

to inelastic interactions between tunneling electrons and the adsorbed He. 

7-1 Introduction 

This chapter discusses a number of experimental studies of the tunnel resistance or tun

nel current between the two electrodes of highly stable mechanically controlled break 

junctions of several different metals in a helium gas environment at low temperatures. 

The tunnel resistance, recorded as a function of the electrode spacing, is found to be 

strongly influenced by the presence of adsorbed He atoms. The next section will sketch 

several features of this anomalous behavior, and some models which may be able to 

explain these features are discussed. After that, two sections will address more detailed 

83 
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studies of the effect at temperatures of 4.2 К and 1.2 K. The main topics of these studies 

are the bias-voltage dependence for small biases (< 30mV), and telegraph-noise-like 

resistance fluctuations of the tunnel resistance that occur in a certain range of electrode 

separations when the measurements are performed at 1.2 K. 

7.2 Effect of adsorbed helium on electron tunnel

ing between metal electrodes* 

Rare gas atoms adsorbed on metal surfaces were long expected to be invisible in 

electron tunneling experiments, since they would make hardly any contribution to the 

state density at the Fermi level. But a few years ago, Eigler et al. presented clear 

scanning tunneling microscope (STM) images of Xe adsorbed on a Ni(110) surface [1], 

and it was demonstrated that it was possible to move these atoms individually to 

chosen positions on the surface [2]. It was calculated that the broadened 65 resonance 

of Xe, even though it is virtually unfilled, leads to a redistributed conduction-electron 

density at the Fermi level which extends further into the vacuum than in the case of a 

bare metal surface [1,3]. 

The smallest rare gas atom, helium, has also been extensively studied, mainly 

because of its special low-temperature properties. Calculations by Lang [4], similar to 

the calculations for Xe mentioned above, have shown that the closed valence shell of 

an adsorbed He atom polarizes metal states away from the Fermi level, leading to a 

local decrease in the state density. Therefore, an adsorbed He atom should occur in 

an STM image as a small dip in the surface. Yet, as far as we know, helium has never 

been reported to influence the electron tunneling between two metallic electrodes. A 

number of low temperature STM's that have been constructed lately often even use 

helium as a contact gas [5], implicitly assuming that the helium will not disturb the 

measured images. 

Here, a study of the tunnel current (or resistance) as a function of electrode separa

tion using highly stable mechanically controllable break (MCB) junctions is presented. 

The basic idea of the MCB junction technique is to break a thin metallic wire at low-

temperatures in a high vacuum environment, thus creating two clean electrodes which 

can be used for point-contact or tunneling experiments. First, the wire is fixed onto a 

phosphor-bronze bending beam covered with a thin insulating foil, at two closely spaced 

points. After that, the wire is deeply notched in between these anchoring points, and is 

broken by bending the beam (see inset of Fig. 7.1). The electrodes are then displaced 

with respect to each other by changing the bending angle. This sample mounting en

sures a very high stability, and an accurate adjustability of the electrode separation. 

T h i s section has been published: Effect of Adsorbed Helium on Electron Tunneling between Metal 
Electrodes, R.J.P. Keijsers, J. Voets, O.I. Shklyarevskii, and H. van Kempen, Phys. Rev. Lett. 76, 
1138 (1996). 
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Figure 7.1: Tunnel resistance as a function of piezo voltage (proportional to electrode 

separation) for MCB junctions in vacuum (Pt-1), or in a low-pressure 4He gas envi

ronment at Τ = 4.2 (Ли, Ад, Al, and Pt-2) and 1.2 A' (Pt-3). The bias voltage across 

the junction is 100 mV. At resistance values of 100 to 1000 hKl, clear deviations from 

the usual exponential behavior in vacuum appear when the experiment is performed 

in a 4He-gas environment. Additionally, discrete resistance changes start to occur as 

the temperature is lowered to 1.2K. Four distance regimes, discussed in the text, are 

indicated by I-IV. The inset shows a schematic drawing of the MCB sample design. 

For a more detailed description of the MCB technique and the specific setup used here 

we refer to [6-8]. 

When the experiments were performed in vacuum at low temperatures (a residual 

pressure of 10~12 - 10~14 Torr at 4.2 К is estimated), almost always perfect exponential 

behavior was observed (curve Pt-1 of Fig. 7.1). The presence of even very small 

amounts of 4 He or 3 He gas was found to cause a clear and reproducible deviation 

from this exponential behavior around tunnel resistance values of 100 to 1000 ΜΩ, 

which is in the common range of STM operation. This deviation may therefore lead to 

severe mistakes, e.g. because of an error in calibrating an STM, but also when one is 

measuring the work function of a material. 

Fig. 7.1 displays the tunnel resistance Rt of Au, Ag, Al and Pt (curve Pt-2) MCB 

junctions in a low-pressure, high-purity (99.999%) 4 He gas environment at 4.2 К as 

a function of the voltage Vp applied to the piezo driver. The electrode separation 

is proportional to this piezo voltage, but the proportionality factor may differ from 

sample to sample, which makes it difficult to calibrate the obtained displacements [8]. 

The horizontal axis for the measurements displayed in Fig. 7.1 has for this reason 

been rescaled in such a way that all curves cover approximately the same electrode 
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separation range, which is estimated to start at 8-10 Â at the left side of the plot, 
decreasing to about 2 A, close to the jump to contact, at the right side. The observed 
deviation from exponential behavior can be described as a reduction of the decrease 
of the tunnel resistance at certain electrode separations, more or less recovering to 
the initial exponential behavior at even smaller distances. The same effect occurred 
when using 3He as a contact gas. The shape of the distorted Ät(Vp)-curves did not 

• change much for different helium pressures within the range of 0.01-760 Torr at 4.2 K, 
and was even approximately the same for curves recorded with the junction directly 
immersed in liquid helium. It is therefore very likely that the effect is related to the 
first monolayer(s) of adsorbed He atoms, whereas the presence of the free exchange gas 
has no significant influence. 

For a qualitative explanation of the observed behavior of Rt(Vp), three ranges for 
the distance at the point of smallest separation of the two electrodes will be considered. 
At very small distances, there is no room for a He atom between the electrodes. In 
the next distance range, only one adsorbed He layer can be present. Because it is 
energetically more favorable to be adsorbed on a flat electrode than on protruding 
atoms, it will be assumed that in this range the adsorbed layer is situated at the 
electrode which is the flattest of the two in the region around the point of smallest 
separation. In accordance with STM terminology, this electrode will be referred to as 
the 'sample', while the other, more sharp electrode will be called ' t ip' . (The assumption 
that at least one of the broken electrodes is rather sharp on an atomic scale in the region 
around the point of smallest separation is supported by the fact that one-atom contacts 
can be established in a simple manner using MCB junctions [9].) The third distance 
range is the one where the distance between the electrodes is so large that there is 
room for two or more monolayers of adsorbed He atoms. Calculations have shown that 
the equilibrium distance of a He atom to smooth noble metal or aluminum surfaces is 
rather large (2.5-3.0 Â [10] or 3.5 Â [11]) for physically adsorbed He. Thus, no adsorbed 
He will be present for electrode separations below 3-4 Â, while a distance of 5-6 Â is 
required for one monolayer. For two or more layers, the separation should be larger 
than 10 4 2 A. Therefore, the experiment covers the ranges where there is no, or only 
one, layer of adsorbed He present between the electrodes. The calculated depth of the 
adsorption well varies between 5 and 10 meV [10], but another calculation resulted in 
a much lower value (1-2 meV) for the adsorption energy [11]. 

For the largest distances between tip and sample, the interaction between the He 
adsorbed at the sample and the front atom(s) of the tip is negligible, and Rt decreases 
almost exponentially with decreasing electrode separation (part I of the curves in Fig. 
7.1). When the electrodes are brought closer together, the polarizing effect on the tip 
of the He adsorbed at the sample side will become more and more strong, leading to 
an increasing reduction of the tip density of states. This reduction results in a reduced 
tunnel probability and hence a slower decrease of Rt with decreasing distance (part II 
in Fig. 7.1) in comparison to the unperturbed case. In region III, the total adsorption 
potential well, which has contributions from both electrodes, weakens, decreasing the 
probability for a He atom to be in the tunneling space. The local DOS of tip and sample 
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Figure 7.2: Tunnel resistance as a function of piezo voltage for a Pt MCB junction in 

a4 He gas environment at Τ = 4.2 К, for different values of the bias voltage across the 

junction. Curves 1 and 6 were both recorded at a bias voltage of 15mV, while the other 

four were recorded at bias voltages of (2) 10, (3) 6.7, (4) 4-Ь, and (5) 3.0 mV. Curve 

1 was recorded first, and curve 6 last, about one hour later. The fact that these two 

curves almost coincide demonstrates the high sample stability. 

then recover within a small range of the electrode separation, leading to a rapid decrease 

of the tunnel resistance. The transition from region II to region III occurs in this model 

when the distance of the He to both tip and sample becomes close to the equilibrium 

distance to a single surface. Indeed, the estimated electrode separation of 5-6 A at 

this point is only slightly larger than twice the theoretical equilibrium value. At even 

smaller distances (region IV), the situation is comparable to vacuum tunneling, and 

Rt(Vp) shows exponential behavior again. 

The calculations of Lang [4] for a He atom adsorbed at a Na surface show that the 

polarizing effect of the He on the local DOS will cause an STM to see a dip of about 

0.3 A deep, when working in a constant current mode at a tip-sample distance of 8.5 

A. Since the latter value is only slightly larger than twice the equilibrium distance 

of an adsorbed He atom to a Na surface (4.1 Â according to [10]), the 0.3 Â will 
probably be close to the maximum value obtainable. In the measurements of Fig. 7.1, 
the maximum deviation from exponential behavior amounts to about half a decade 
reduction in tunnel resistance. For the materials displayed here, one decade change 
in tunnel resistance corresponds to about 1 À change in electrode separation for clean 
surfaces. Thus, the experimental and theoretical values (however, obtained for different 
metals) are of comparable magnitude. 
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The shape of the curve does not change when the bias voltage is varied from 30 to 

1000 mV, but at relatively low biases, the curve becomes more distorted, with the slope 

dRt/ds (where s is the electrode spacing) getting close to zero for the lowest bias used 

here (Fig. 7.2). This bias voltage dependence may indicate that an important con

tribution to the conduction electron state density reduction occurs in a rather narrow 

range of about 30meV around the Fermi level. 

A very intriguing effect occurred when the measurements were performed at Τ — 

1.2 К. Part II of the curves in Fig. 7.1 became rather noisy and unstable, with sudden 

jumps of the tunnel resistance. A typical example of this behavior is shown in curve Pt-

3 of Fig. 7.1. The number of jumps observed in such a curve increased when the curves 

were recorded at a lower speed. This instability was therefore studied by recording the 

tunnel resistance at fixed electrode separations as a function of time. It turned out 

that the tunnel resistance was jumping between two (but sometimes also three or four) 

distinct resistance values (Fig. 7.3). The relative change in resistance varied with 

distance, and could be as large as (30-40)% for Au, and even up to 100% for Pt. Also, 

the switching rate varied with distance. This two-level resistance fluctuation resembles 

the atomic switch experiment of Eigler, Lutz, and Rudge [12], where a Xe atom could 

be reversibly moved between a tungsten STM tip and a nickel (110) surface by applying 

a voltage pulse in a limited junction resistance range. Here, the transfer of a xenon 

atom led to conductance changes up to a factor of 7. It was shown that this transfer 

can be explained in terms of a single-atom-tunneling process [13]. In the experiment 

described here, the resistance fluctuations occur spontaneously. The fluctuations can 

be explained in terms of a He atom tunneling between tip and sample, instantaneously 

causing a redistribution of the local DOS which is different for the two positions of the 

He. The fact that in this case the transition is spontaneous may be due to a much 

larger tunneling probability of the He due to its lower mass, and a much lower barrier 

in the combined double-well adsorption potential of the two electrodes that occurs at 

certain tip-sample distances. However, for a better understanding more experimental 

information has to be obtained. 

Of course, one can consider other mechanisms which may explain the observed be

havior. For instance, one might be inclined to explain the switching between discrete 

resistance values by considering He atoms diffusing along the surface, changing the 

tunnel resistance whenever they enter or leave the tunnel space. The deviation from 

exponential behavior should then express a time-averaged value of the discrete resis

tance values, in a situation where the time scale on which the changes occur is too fast 

to observe them separately. This model, however, does not apply, because it requires 

that one of the discrete resistance levels corresponds to the vacuum situation, and 

therefore one of the levels in the curve Pt-3 of Fig. 7.1 should follow an exponential 

behavior, which clearly is not the case. Also, it has been shown theoretically [14] that 

diffusion of atoms along a surface will mainly lead to an increase of the tunnel current 

noise, and will cause a very small increase of the tunnel resistance, hardly visible on a 

logarithmic scale. 

In another model which may be capable to explain the observed effect, the He atom 
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Figure 7.3: Relative change in tunnel resistance as a function of time} for MCB junc

tions in a 4He gas environment at Τ = 1.2 К, at different fixed electrode separations. 

The bias voltage across the junctions is 100 mV. The traces display jumps between two 

distinct resistance levels for a Pt junction, with (a) Rt= 4·$ GSl, β) Rt= 1 Gil, and 

(c) Rt= 280 ΜΩ. This type of noise may be caused by He atoms tunneling between the 

two electrodes. 

is regarded as a scattering center ('impurity') present in the tunneling space. As the 

electrode spacing is decreased, the He atom will block an increasing part of the solid 

angle in which the tunnel current flows, thus causing a slower decrease of the tunnel 

resistance than in the case of vacuum tunneling. At short distances, inelastic scattering 

processes lead to an electron wind force that will attempt to push the He atom out 

of the tunneling space. The switching behavior can be explained as a situation where 

there is a competition between the electron wind force, trying to shift the He out of the 

tunneling space, and the adsorption potential of the two-electrode system, which tries 

to pull the He in between the two electrodes. The fact that the shape of the distorted 

curves only changes for small biases (Fig. 7.2), can then be interpreted as the electron 

wind force passing a certain threshold value, above which the influence of the bias 

voltage becomes negligible. An example of such behavior would be a situation where a 

He atom moves quickly between a few closely spaced shallow adsorption potential well 

minima, leading to an averaged blocking of the tunnel current. Because of an increase 

of the electron wind force at higher biases, the average time spent in each of the local 

well minima may change, until a situation is reached where the He is pinned to only 

one minimum. A simple calculation based on this model shows that it indeed leads to 
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a behavior which resembles the experimental result, but to get quantitatively a good 

correspondence, an unrealistically high scattering cross section with a radius of a few 

A has to be assumed. 

Concluding, a strong distortion of the tunnel resistance as a function of electrode 

separation is observed when measurements are performed in a 3 H e or 4 He environment 

at low temperatures. The effect can be described using a model that combines a grad

ual change of the He adsorption potential well for the two electrodes as a function 

of electrode separation with a local decrease of the conduction electron state density 

close to the Fermi level caused by the adsorbed He atom. Two-level tunnel resistance 

fluctuations were observed over a limited range of electrode separations when the mea

surements were done in He gas at 1.2 K. These fluctuations may be related to the the 

spontaneous tunneling of a He atom between the two electrodes. 

7.3 Further experimental observations at 4.2 К 

The distortion of the tunnel current versus distance curves can be removed for Al, Ag, 

and Au MCB junctions by pumping the vacuum chamber for a relatively short time 

( « 20 min) using a conventional diffusion pump. This is much more difficult for Pt 

and Pt l r junctions, which may be due to the higher ground state binding energy of the 

adsorption well [15]. Prolonged evacuation only contaminates the metal surfaces, and 

measurements become irreproducible. Figure 7.4 shows a typical set of Rt(Vp) curves 

that can be obtained during evacuation. At first, the curve shape stays virtually 

unchanged while pumping. At a certain point, the He pressure becomes so low that 

the heat exchange between the walls of the vacuum chamber and the sample holder is 

no longer effective. Due to some heat input via the measurement wires and the axes 

that can be used to control the electrode separation (see Chapter 3), the temperature 

of the sample then slowly starts to increase, eventually reaching a value of about 5 К 

after a long period of pumping. This can be monitored using an Allen-Bradley resistor 

that is present near the sample. As the temperature of the sample slowly increases, 

the adsorbed He will start to migrate towards the colder vacuum chamber walls. This 

explains the strong decrease of the nonlinearity of the log[ñt(V
/
p)] curves that occurs 

when the He pressure is lowered further. Eventually, the curves become identical to 
those obtained in high vacuum. The initial distortion can be restored by leaking in a 
sufficient amount of He gas. This cycle can be repeated several times. 

In the electrode separation regime where the recovery of the local DOS occurs 
(region HI in Fig. 7.1), Rt decreases much faster with increasing electrode separation 
compared to the behavior in vacuum (see the dashed line in Fig. 7.4). This may, as 
was already stated in Section 7.2, lead to errors in STM images. This is illustrated 
by Fig. 7.5. Here, the tunnel current has been recorded while the MCB electrodes 
were displaced laterally with respect to each other. This line scan option was realized 
by introducing thin shear piezo elements underneath the anchoring points of the MCB 
junction. In first approximation, the obtained line scans are images of the surface profile 
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Figure 7.4: Tunnel resistance of an Al MCB junction, repeatedly recorded as a function 

of piezo voltage (proportional to the electrode separation). The bias voltage across the 

junction is 100 mV (T = J^.2K). Between the measurements displayed from right to 

left, the He pressure was lowered. The most left curve was measured in high vacuum. 

The dashed line is drawn to indicate that Rt decreases much faster with increasing 

electrode separation in He than in vacuum. 

in one direction of the bluntest of the two electrodes (see also Chapter 6). The line 

scan measurement was repeated several times using the same electrode configuration 

at different electrode separations. As expected, the measured Rt variation decreases 

when the electrode separation is increased in vacuum [Fig. 7.5(a)]. The behavior in He, 

displayed in Fig. 7.5(b), is clearly different. Here, the variation is strongly enhanced 

in the electrode separation range where the recovery of the local DOS occurs. The 

non-exponential behavior of It(s) leads to a higher sensitivity in this distance regime. 

In the measurements of Fig. 7.5 the electrode separation is kept constant, and varia

tions of the tunnel current are measured. An STM is usually operated in a mode where 

the current is kept constant by varying the electrode separation. The sensitivity of the 

STM is calibrated by measuring some well-known corrugation (e.g., a step height). A 

constant current measurement avoids the sensitivity variations that are displayed in 

Fig. 7.5b. However, errors in the calibration can still occur due to differences in the 

exact shape of the distortion for different materials, different He pressures, and differ

ent surface sites. An error can also be introduced if the measurements are performed 

using a current value that is different from the calibration current. Nevertheless, the 

He distortion can still be utilized. In the range where dlt/ds is largest, the sensitivity 
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Figure 7.5: Variation of the tunnel resistance between two Al electrodes as they are 

displaced laterally with respect to each other, measured (a) in vacuum and (b) in 4He 

exchange gas. In He, the measured surface profile is strongly enhanced in a certain 

distance range. 
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Figure 7.6: Tunnel resistance as a function of piezo voltage (electrode separation) for 

a Pt MC В junction in 4He exchange gas. The curves were recorded at the four selected 

locations indicated in the inset, where the tunnel resistance recorded as a function of 

the shear piezo voltage (lateral electrode displacement) is displayed. 
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for small height variations is much larger. By choosing the current setpoint in this 

range, one should be able to enhance the measurement accuracy. 

The lateral electrode displacement can also be used to select certain locations on an 

electrode surface. By measuring Rt(Vp) at such locations, a possible influence of the 

exact tunnel site or junction geometry can be investigated. Figure 7.6 is an example 

of such an experiment. Curves 1-4 have been recorded at the selected sites indicated 

in the inset. The obtained Rt(Vp) curves are indeed clearly different. It was shown 

theoretically that the adsorption potential parameters for Xe adsorbed on a Cu(llO) 

surface depend quite strongly on the exact adsorption site [16]. The Xe is most weakly 

bound and is furthest from the surface when it is located exactly on top of a lattice site, 

and is nearest to the surface when it is at the center of a unit cell, in between lattice 

sites. A similar variation will most probably exist for adsorbed He. A smaller distance 

between the He and the Pt surface can explain why the distortion at location 3 of 

Fig. 7.6 occurs at smaller electrode separations than for locations 1 and 2. A smaller 

distance can also lead to a larger reduction of the local DOS, and thus to a stronger 

distortion of the Rt(Vp) curve. However, in Fig. 7.6 the corrugation is only measured 

in one direction, so the exact locations on the Pt surface are unknown. Furthermore, 

the adsorption potential parameters depend on much more factors than the surface 

location alone. This may explain the curve measured at location 4 in Fig. 7.6. Here, 

the electrode surface seems to be rather flat. Nevertheless, the distortion of the Rt(Vp) 

curve occurs at quite small electrode separations. 

7.4 Spectroscopic study of the tunnel current re
duction due to adsorbed helium* 

An unresolved question in Section 7.2 was the origin of the observed dependence of 

the reduction of the tunnel current on the applied bias voltage, of which an example is 

presented in Fig. 7.7. This reduction increases for small bias voltages. The curve shape 

does not change for biases above 30 mV [17,18], and does not depend on the polarity of 

the applied bias voltage [18]. Another question is how metal specific this phenomenon 

is. To throw light on these problems a more detailed study of the reduction of the 

tunnel current due to the presence of adsorbed He as a function of the applied bias 

voltage has been performed. 

Fig. 7.7 displays the bias dependence of the tunnel resistance as a function of piezo 

voltage (electrode separation) for a Au MCB junction at 7=4.2 К in a 4 He gas envi

ronment. The plot shows that the reduction of the tunnel current caused by adsorbed 

He grows stronger between 40 and 20 mV bias voltage, and that this reduction further 

increases as the bias voltage is decreased. This result is comparable to the measure-

*This section is an adapted version of the paper: Spectroscopic Study of the Tunnel Current 
Reduction due to Adsorbed Helium, R.J.P. Keijsers, O.I. Shklyarevskii, and H. van Kempen, submitted. 
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Figure 7.7: Tunnel resistance as a function of piezo voltage (proportional to electrode 

separation) for a Au M С В junction in a low-pressure 4He gas environment at T=4-2K, 

recorded f or different values of the bias voltage across the junction. (1) 80, (2) 40, (3) 

20, (4) 10, (5) 4-9} and (6) 2.5 mV. The deviation from usual exponential behavior 

in vacuum is clearly bias dependent. The inset shows the 2.5 and 20 mV curves over 

a wider electrode separation range. The four distance regimes (I-IV) that have been 

discussed in Sec. 7.2 are again indicated. 
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Figure 7.8: Dynamic conductance G (upper curve) and tunnel current It as a function 

of applied bias voltage, measured simultaneously at a Pt MCB junction with a tunnel 

resistance of302MQ, at ъ=+50т in a 4He-gas environment (Τ=4·2Κ). A nonlinear 

behavior of It, and a rather narrow dip in G with a maximal reduction by 41% ere 

observed around zero bias. 
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ments on Pt presented in Fig. 7.2, albeit that the bias voltage dependence was more 

pronounced in that case. 

To obtain more detailed information about the bias dependence of the tunnel cur

rent reduction due to adsorbed He, the tunnel current It and the dynamic conductance 

G were recorded simultaneously using a conventional lock-in technique and a 500-Hz 

voltage modulation source with a 0.5 mV amplitude. It and G were measured as a 

function of the applied bias voltage ь at different electrode separations for MCB junc

tions of Pt, Au and Al in 4 He and 3 H e gas surroundings. One of the most pronounced 

of these measurements, for a 302 ΜΩ (at ь = + 5 0 т ) Pt junction with 4 He adsorbed 

on it, is displayed in Fig. 7.8. When in the following a tunnel resistance value is men

tioned, it will refer to the value ъ/h at ь = + 5 0 т . The dynamic conductance in 

Fig. 7.8 shows a reduction for ь between -20 and -f 20 mV, with a maximal reduction 

by 41% around zero bias. This reduction is also recognizable in the /t-Vb characteristic, 

where the linear behavior at higher biases is shifted and does not intersect the voltage 

axis at zero bias. 

Fig. 7.9 shows (7(Vb)-curves for a Pt MCB junction for different values of Rt. 

The upper curve shows the behavior in vacuum for a 133-ΜΩ junction, and does not 

display a clear variation with ь· For a 2.0-ΜΩ junction in a 4 He gas environment, 

there is again no strong bias dependence visible. A reduction of G emerges around zero 

bias for larger electrode separations (higher Rt). It increases with increasing electrode 

separation until a maximum is reached around 300 ΜΩ, after which it starts to decrease. 

The width of the dip in the G( Vb)-spectrum, on the other hand, doesn't seem to depend 

strongly on the electrode separation and has a FWHM of about 15.5±0.2mV centered 

around zero bias for the 302-ΜΩ curve. 

A similar set of G(\4>)-curves, taken at a Au MCB junction in 4 He, is displayed in 

Fig. 7.10. Here, a maximal reduction of 29% occurs at a resistance of 285 ΜΩ, with a 

FYVHMof 20.5±0.2mV. 

It must be noted, that the shape of the G(Vb)-curves depends strongly on the exact 

electrode geometry. The lower five curves of Fig. 7.10 were recorded at junctions with 

about the same tunnel resistance as curve 4. Curves 12-15 were recorded using the same 

sample, each time after bringing the electrodes shortly into contact, whereas 11 was 

recorded at a completely different Au-sample. A difference between 11 and the other 

100-ΜΩ curves might be caused by a difference in He-pressure, since it was observed 

that, even though a different pressure does not notably distort the shape of the tunnel 

resistance versus electrode separation curve [17], the Ät-range where the distortion 
occurs changes as the He vapor pressure is lowered [18]. However, this does not apply 
for differences between curves 4 and 12-15 in Fig. 7.10, because they were taken in 
exactly the same He environment at the same temperature. The only difference between 
the respective junctions is the exact geometrical configuration of the two electrodes at 
the tunnel region. It was also observed on several occasions that the relative magnitude 
of the conductance reduction increased when a rather large bias voltage ( « 6 V) had 
been applied to the junction for a few seconds. Voltage pulses are often used in STM 
technology to sharpen the tip. It is therefore suggested that the effect may become 
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Figure 7.9: Set of G ( ъ)-curves, measured at a Pt MC В junction. Curve 1 (Rt=133Mil 

at +50mV) was recorded in vacuum, the others in a 4He-gas environment (Τ=4·2Κ). 

The values of Rt(+50mV) were (2) 2.0МП, (3) 9.9МП, (4) 30МП, (5) 101 МП, (6) 

302МП, (7) 517МП, (8) 1.0 GH, (9) 3.1 GH, and (10) 10 GH. All curves have been 

normalized to their value at ъ=+50т . 

more pronounced for sharper electrodes. The fact that the influence of adsorbed He 

on electron tunneling depends on the exact electrode geometry was previously also 

observed in measurements of Rt as a function of electrode separation [18]. 

The average value of the relative reduction of the conductance at zero bias compared 

to G at both Vb=-30 and +30 mV is displayed in Fig. 7.11 for the Pt and Au junctions 

of Figs. 7.9 and 7.10, as well as for another Au and an Al MCB junction. It was 

generally observed that the maximal reduction is stronger for Pt than for Au, and is 

much weaker for Al. However, the value of this reduction may differ from junction 

to junction for the same material, and the electrode separation (resistance) at which 

this maximum occurs may also differ. For Au, the largest reduction was observed at 

a tunnel resistance as low as 129 ΜΩ, but also one time at Rt=\ GH. The magnitude 

of the maximal reduction varied from 22 to 30%, and the FWHM was between 17 and 

23 mV in these cases. This is illustrated by Table 7.1, where the value of the maximal 

relative reduction, the resistance at which this maximum occurs, and the FWHM at 

this Rt are listed for a number of Au junctions. In two cases, the junction was destroyed 

(probably due to strain relaxation in our setup) before a measurement sequence could 

be completed. These data are also included in the Table 7.1. 

The experiments were repeated using Au and Pt junctions in a 3 H e gas environment. 
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Figure 7.10: Set of G( ъ)- curves, measured at a Au M CB junction in 4He-gas at 4-2K. 

The values of Rt(+50mV) were (1) 3.0МП, (2) 20МП, (3) 57МП, (4) 94МП, (5) 

188МП, (6) 285МП, (7) 577МП, (8) 947 МП, (9) L8GH, and (10) 5.6GH. For com

parison, curves 12 (101 МП), 13 (96МП), Ц (104 МП), ^d 15 (103МП), recorded at 

the same Au sample after shortly bringing the electrodes into contact, and 11 (100МП), 

recorded at another Au sample, have been added, indicating that the observed effect is 

strongly electrode geometry dependent. All curves have been normalized to their value 

at Vb=+50mV. 

Generally, the obtained results were similar to the those found when measuring in 4 He 

(see Fig. 7.12), but also some differences could be observed. For Au, the conductance 

reduction in the range 300-600 ΜΩ was found to be stronger («40%) than for the case 

of adsorbed 4 He («30%). The FWHM of the conductance reduction dip was about the 

same. The results for Pt did not show a notable difference in the relative conductance 

reduction, but there might be a slight increase in the width of the structure. However, 

more statistics are required before any definitive conclusion can be made. For both Au 

and Pt, the conductance dip decayed much slower for the higher values of Rt. This 

may be caused by a somewhat larger equilibrium value of the distance of an adsorbed 
3 He atom to the electrode surface due to its zero-point motion. 

The influence of the He pressure on the conductance reduction was also investigated. 

In the experiments, small amounts of He were introduced into the vacuum chamber 
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tunnel resistance ( Μ Ω ) 

Figure 7.11: Average of the relative ratios of the conductance at zero bias compared to 

the values at ъ=-30 and +30mV, for the Pt (1) and Au (2) MCB junctions of Figs. 

7.9 and 7.10, as well as for another Au (3) and an Al (4) junction. There is a clear 

difference between the different materials, but also between the two Au samples. Curve 

1 has been offset by -0.05, curves 3 and 4 by +0.10. 

sample 
1 
2 
2 
2 
2 

max. AG/G 
22.5 % 

> 24.9 % 
> 21.4 % 

29.4 % 
30.4 % 

Rt 
1 GÜ 

>302 ΜΩ 
<603 ΜΩ 
285 ΜΩ 
129 ΜΩ 

FWHM 

16.9±0.2 mV 
21.0±0.4 mV 
22.9±0.4 mV 
20.5±0.2 mV 
17.4±0.3 mV 

Table 7.1: Maximum value of the average of the ratios AG = G(Vb) — G(Q) to G(Vt>) for 

ъ=-30 and +30mV, the tunnel resistance value at which this maximum is found, and 

the FWHM at this Rt, for five different tunnel junctions at two different Au samples. 
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Figure 7.12: С( ь)-curves measured at a Au and a Pt MCB junction in 3He-gas at 

4.2K. The values of Rt(+50mV) for the Au junction were (1) 101 МП, (2) 296МП, 

(3) 601 МП, (4) 996МП, and (5) 3.2 GH, and for the Pt junction (6) 100Ж, (7) 

303МП, (8) 596МП, (9) 1.0GH, and (10) 2.0GH. All curves have been normalized 

to their value at ъ=+50т . 

until the He pressure was sufficiently high to establish a good heat contact between 

the sample and the walls of the vacuum chamber which were in direct contact with a 

liquid helium bath. The dependence on the helium pressure was tested by repeatedly 

measuring characteristics for junctions with the same Rt after adding extra He, or 

removing some by pumping. No systematic variation could be observed, and there 

were only minor differences which can be attributed to differences in exact electrode 

geometries. The shape of the conductance dip changed notably only after the vacuum 

chamber had been pumped down for a rather long period (> 1 hour). At this point the 

He pressure became too low to keep a good heat contact. The effect strongly reduced 

and even disappeared, probably because the residual adsorbed He migrated away from 

the sample to the colder walls of the vacuum chamber. 

In Section 7.2, it was suggested that the presence of a bias voltage dependence only 

for small bias voltages might indicate that an important contribution to the reduction 

of the conduction electron state density due to adsorbed helium occurs in a rather 

narrow range of about 30 meV around the Fermi level. However, it seems very unlikely 
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that such a narrow structure is associated with the polarizing effect of an adsorbed 

He atom [19]. Another possibility might be that there is some sort of narrow width 

structure associated with the metal in the state density, which is diminished or shifted 

by the adsorbed He. One candidate would be the presence of a surface state at one 

of the metal electrodes. However, it is unlikely that such a state would always occur 

symmetrically around the Fermi level for different materials (Pt, Au, and Al) with 

approximately the same linewidth. Also, such a state was never observed in vacuum. 

Based on the features of the curves in Fig. 7.8, one can also suggest the presence 

of two parallel conductance channels, one of which is blocked for small bias voltages. 

In fact, experiments on electron tunneling between wet-etched W-tips and Nb and 

Au samples [20] in a He environment at 4.2, 77 and 300 К gave results which are 

similar to the ones presented in Fig. 7.8, but on a wider bias voltage range, and with a 

stronger reduction at zero bias. Adsorbates on the tip (in [20] possibly H 2 0 ) , containing 

localized states, exhibit very small effective capacitances С which have a Coulomb 

charging energy e 2 /2C that is large compared to the thermal energy kT, even at room 

temperature. As a result, a Coulomb barrier shows up for resonant tunneling through 

localized states adjacent to the tip in the tunnel barrier, whereas there is no such 

blockade for direct electron tunneling. Coulomb blockade theory is perfectly capable 

of describing the measured G(Vb)-curves, and can be used to systematically extract 

parameters like the dip width and dip depth from the experimental data. However, 

it is as yet unclear what mechanism, if existing, could lead to an electron tunneling 

channel with Coulomb blockade features due to the presence of adsorbed He. 

Summarizing, in this section spectroscopic measurements of the dynamic tunnel 

conductance of Pt , Au and Al MCB junctions in 4 He and 3 He gas at 4.2 К have been 

presented. These measurements show that the previously observed reduction of the 

tunnel current due to the presence of adsorbed He [17] increases for small bias voltages. 

This extra reduction of the tunnel conductance has a typical width of 15-20 meV at 

T=4.2 К for all materials studied and is centered around the Fermi level. The relative 

magnitude of the extra reduction is maximal for a tunnel resistance between 100 ΜΩ 

and 1 GH, but the maximal extra reduction and the Rt value where it occurs depend 

both on the sample material and on the exact electrode geometry. 

7.5 Two-level resistance fluctuations at 1.2 K* 

A single adsorbed atom can be observed using an STM when it locally changes the 

state density at the Fermi level at its adsorption site compared to the situation of a 

clean surface. This process is usually dominated by the s- and p-state densities at the 

Fermi-level due to the adsórbate [4,21]. For this reason, one would not expect to see 

"This section is an adapted version of the paper: Two-Level Tunnel Resistance Fluctuations at 
Mechanically Controllable Break Junctions m He Exchange Gas, R.J.P. Keijsers, O.I. Shklyarevskii, 
and H. van Kempen, accepted for publication in Physica B. 
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the presence of rare gas atoms in an STM image. However, Xe atoms adsorbed on Ni 

have clearly been observed by a low-temperature STM. This could be attributed to the 

fact that the Xe 6s resonance, even though it is virtually unfilled, contributes strongly 

to the STM image because it extends rather far into vacuum compared to the electron 

wave functions for the bare surface [1]. 

Rare gas adsorbates on a metallic surface may also lead to a change in the work 

function for the metal. This change is generally considered to be proportional to a 

dipole moment associated to the adsorbed atom [22]. 

Recently, we reported a first experimental observation of a clear deviation from 

the usual exponential dependence of the tunnel current It on the distance s between 

the two electrodes of highly stable mechanically controllable break (MCB) junctions at 

T=4.2K, caused by the presence of physically adsorbed 4 H e or 3 He [17]. A qualitative 

explanation could be provided within a framework of a distance-dependent reduction 

of the local electron density of states of one of the electrodes caused by a He atom 

adsorbed at the other electrode. When the temperature was lowered from 4.2 to 1.2 K, 

a dramatic increase of the low frequency electrical noise of the contact occurred, and 

a strong resistance instability over a wide range of electrode separations appeared. 

This instability manifested itself in many cases as resistance fluctuations between two 

distinct levels, and was tentatively ascribed to transitions of a He atom between the 

two electrodes. 

These phenomena can be very important for low temperature STM measurements, 

where it is not uncommon to use small amounts of 3 H e or 4 He as an exchange gas [5]. 

The accuracy of these measurements may be strongly affected when strong deviations 

from exponential It(s) behavior and intrinsic instabilities of the tunnel current occur. 

In this Section, we present a more detailed study of MCB junction tunnel charac

teristics in He exchange gas. The studied distance range has been extended to larger 

electrode separations, and the tunnel current instabilities at 1.2 К have been investi

gated as a function of the applied bias voltage and for different electrode separations. 

7.5.1 Experimental results 

The measurements of the tunnel resistance Rt or tunnel current It as a function of 

time or of electrode separation were done using MCB junctions Pt , Au, Ag, and Al. 

The results were qualitatively the same for all materials, but the distortion of It(s) 

was generally more pronounced for Pt junctions. The measurements presented here 

therefore mainly concern measurements where Pt electrodes were used. 

The tunnel resistance is calculated from the bias voltage applied to the MCB tunnel 

junction, and from the tunnel current that is measured using a home-built low-noise I-V 

converter that is of standard use in STM experiments. For the tunnel resistance versus 

piezo voltage (proportional to the obtained electrode displacement) measurements, the 

applied piezo voltage and the output voltage of the I V converter are measured using 

Keithley 181 and 182 Nanovoltmeters, which are read out by computer using IEEE-

488 controlling, with a rate of 1-14 points per second. The slow time-dependence 
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Figure 7.13: Tunnel resistance of Pt MCB junctions recorded as a function of the 

applied piezo voltage^ to which the electrode separation is proportional. The bias voltage 

was 100 mV in all cases. Curve 1 was recorded in high vacuum at 4-2K, the others in a 
4He gas environment at (2) 4.2K, (3) 7K, (4) 10K, (5) 12K, (6) 15 K, and (7) 1.2K. 

The inset sketches the He adsorption potential between two identical metallic electrodes 

for different electrode separations. 

measurements were also done using the Keithley 182, but for faster measurements 

(higher switching rates) a Keithley 194 High-Speed Voltmeter, and a Kikusui DSS 

6521 Digital Storage Oscilloscope were used. 

The high stability of an MCB junction makes it possible to adjust the distance 

between the electrodes accurately without using a feedback circuit. It is therefore a 

very convenient tool for measurements of Rt(s) dependencies. When the measurements 

are performed under high vacuum conditions with atomically clean electrode surfaces, 

the deviation from exponential behavior of the tunnel resistance is negligibly small 

over more than 5 orders of magnitude of Rt (see curve 1 of Fig. 7.13) in nearly all 

cases. Occasionally, rather weak deviations occur over the whole resistance range that 

is studied. These deviations are most likely related to the specific geometries of the 

two electrodes [23]. Direct interactions between the two electrodes at ultimately small 

separations also sometimes cause deviations from exponential behavior which appear 

only at tunnel resistances below 500 kft [24]. 

In contrast to these results, a strong distortion of the Rt(s) dependence (curve 2 of 

Fig. 7.13) was found to occur in all measurements as soon as even a rather small amount 

of He gas ( « 101 5 atoms per each cm 2 of the inner surface) had been introduced into 

the vacuum can at 4.2 K. Even though He has been predicted to moderately influence 

the electron density of states (DOS) locally at its adsorption site, it has never been 
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imaged by an STM. Unlike the majority of adsorbates, He decreases the DOS locally 
because it polarizes electrons in the metal away from the Fermi level. Adsorbed He 
should therefore show up in an STM image as a very shallow dip with a depth of « 0 . 2 -
0.3 Â [4]. Thus, a noncorrugated surface is required to observe adsorbed He. When 
scanning a surface which has He atoms adsorbed on it, it is very likely that the He 
atoms do not stay at fixed positions, but are dragged along the surface by the tip. 
This, of course, makes them 'invisible'. 

The fact that we are able to observe the deviation of Rt(s) from exponential be
havior is be related to the rather large distance of the adsorption potential minimum 
to the metal surface (2.5-3.5 Â for most metals [10,11]; see also [15], and references 
therein). The behavior oi Rt(s) can be generally understood in the following way. At 
small distances (s < 7 8 A), the distance between the two electrodes is too small 
to contain more than one He atom. This He atom will be adsorbed at one of the elec
trodes (following STM terminology, we will refer to this electrode as 'sample'), while 
the other electrode (the 'tip') remains bare. The adsorbed He will reduce the local 
DOS at the sample side, but this reduction will not depend very much on the electrode 
separation. The He will also cause a reduction of the local DOS of the tip. The mag
nitude of this effect will be determined by an overlap of the He- and tip-electron wave 
functions, which must lead to a strong (possibly exponential) decrease of the reduction 
with increasing electrode separation, over a range which should be comparable to the 
range over which the attractive van der Waals force extends. 

For distances below 5 A, the space between the electrodes becomes too narrow 
for the He atom, and it is expelled from the tunnel gap, thus leading to a situation 
comparable to vacuum tunneling. Therefore, the tunnel current is restored over a 
rather narrow distance range, and at small separations, a linear behavior of log[At(s)] 
is observed. 

It was stated above that rare gas adsorbates may also affect the work function for 
the metal they are adsorbed at. If one assumes that He increases the work function, 
which would lead to an increase of the tunnel resistance, the observed effect can also 
be explained following a similar line of reasoning. However, the required change of the 
work function (we estimate an increase by about 30 % at the point where the distortion 
is strongest) seems to be rather large. Because the result is the same, and because we 
do not know whether and how He affects the work function of a metal where it is 
adsorbed at, we will only consider the local reduction of the DOS below. 

The transformation of the adsorption potential of the two-electrode system with 
decreasing electrode separation must also be taken into consideration. The inset of 
Fig. 7.13 sketches simple superpositions of He adsorption potentials for two opposing 
identical metallic surfaces for different electrode separations. At large separations, 
the adsorption potential consists of two minima separated by a barrier. Initially, the 
adsorption well depth increases as the distance is decreased. The barrier height and 
thickness decrease, while at the same time, the equilibrium position of the adatom 
very slowly shifts away from the sample surface. The maximum well depth is reached 
at a separation of twice the equilibrium distance of a He atom to a single surface 
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(i.e., s « 5 — 6Â). The He is then exactly in the middle between the two electrodes, 
and log[ñ t(s)] is most distorted. For smaller separations, the (single well) adsorption 
potential quickly becomes more and more narrow and shallow, causing a removal of 
the He from the tunnel gap. 

The distortion of Rt(s) gradually disappears when the temperature is increased 
above 4.2 K. This is demonstrated by curves 3-6 of Fig. 7.13 which were recorded 
when the sample was very slowly heating up after the level of the liquid helium in 
the cryostat had dropped below the vacuum chamber. The distortion has completely 
vanished at a temperature of about 15 K, indicating that the He has disappeared from 
the electrode surfaces. Curve 7 of Fig. 7.13 is an example of the instability of the 
tunnel current at certain electrode separations that occurs when the temperature is 
lowered to 1.2 K. This behavior will be discussed in detail below. 

After extending the measurements to larger electrode separations, we found an 
additional weak nonlinearity in log[ßt(«s)] at approximately 1000 GO (a distance of 
about 9-10 A), which can be associated with a regime where the number of He atoms 
between the two electrodes is reduced from two to one. The current-distance character
istics over 8 orders of magnitude of It were recorded in a single run with a bias voltage 

ь = 1 0 0 0 т for the resistance range 107 - 102 ΜΩ and l m V for the 102 - 10"1 ΜΩ 

range, using a current-to-voltage converter with a gain of 109 V/A. The lower resistance 

range was also sometimes covered using a 100 mV bias and a 107V/A converter. An 

example of such a measurement at T=4.2K is shown in Fig. 7.14(a), curve 1. The 

observed behavior agrees qualitatively with the expectation, sketched in Fig. 7.14(b), 

for the above described model where adsorbed He suppresses the local DOS. 

When the temperature is lowered to 1.2 K, a rich variety of additional distortions 

of log[/?t(s)] in the tunnel resistance range of 0.1 100 GQ occur. Examples of this 

behavior are curve 7 of Fig. 7.13, and curves 2 and 3 of Fig. 7.14. These distor

tions are mostly accompanied by abrupt jumps of the contact resistance with relative 

magnitudes that can be as high as 100% (see curve 4 of Fig. 7.14, which is an en

largement of a part of curve 3). This change of the Rt(s) curve shape at 1.2 K, and 

the accompanying resistance instabilities, were observed for Ag, Au, Be, Cu, Ni, Pt , 

and Pt-Ir(3%) MCB junctions. So far, we did not find any changes in Rt(s) for Pb 

in the superconducting state at 1.2 К compared to measurements at 4.2 K. The only 

essential difference between the results on Pt(Ir) and those on the other metals is that 

the effect is much stronger for the first. It can therefore be observed more easily when 

using Pt MCB junctions. Note that usually, the distortion of the tunnel current versus 

distance curves at 4.2K is also stronger for Pt junctions. In contrast to previous mea

surements [18], we now have also observed rather weak resistance fluctuations using 

pure 3 H e with Pt MCB junctions. This excludes a previously suggested relation [18] 

between the contact resistance instabilities and the superfluid phase of 4He. 

At 4.2 K, the noise level is very low, and low frequency (0.01 Hz-10 kHz) fluctuations 

between distinct current values were never observed for any value of the tunnel resis

tance in the studied range. This does not rule out the possibility that the transition 

rate is too high to observe such motions within the bandpass width of the current-to-
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Figure 7.14: (a) Rt(s)-curves for a Pt junction in 4He measured over an extended 

resistance range (see text) at (1) 4-2 К and (2,3) 1.2К. An additional nonlinearity of 

\og[Rt(s)\ is visible around Rt=l04 — ΙΟ5 ΜΩ. Curve 4 is an enlargement of the unstable 

part of curve 3 by a factor of 3. (b) Idealized schematic drawing of the expected Rt(s) 

behavior when adsorbed He atoms locally suppress the DOS of the electrodes: (A) two 

electrodes influenced by two atoms; (B) one adsorbed atom, mainly influencing just one 

of the electrodes; (C) one adsorbed atom influencing both electrodes; and (D) none of 

the electrodes influenced by an adsorbed atom. 

voltage converter. As the amount of He-gas is increased, the shape of the curve remains 

practically unchanged as soon as the amount of He is sufficient to create approximately 

one monolayer of physically adsorbed He on the electrode surfaces. In our case, it is 

impossible to make an accurate estimation, because we need some free helium exchange 

gas to ensure a homogeneous temperature distribution in the cell to prevent migration 

of He from the electrodes to colder parts of the setup. With a further increase of the 

amount of He, no essential change of It(s) was found for He pressures in the range 

10~4-760Torr at 4.2 K. This may be due to the fact that for all materials explored, the 

interaction between He-atoms and the surface they are adsorbed at is much stronger 

than the He-He interaction. 

The resistance of MCB junctions in our setup usually changes strongly when the 
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Figure 7.15: log[/j(s)] measured at 1.2 A' wsm<7 P¿ MCB junctions, for three different 
values of the bias voltage: (1) 300mV, (2) 50mV, and (3) 5mV. Curves \, 5, and 
6 were recorded at the same biases with reversed polarity, using a three times higher 
recording speed. 

temperature is varied. This is due to differences in thermal expansion coefficients of 

sample, substrate, piezoceramics and the material of the insert, which unavoidably 

lead to uncontrollable variations of the distance between the electrodes, even at low 

temperatures. It is therefore practically impossible to do temperature-dependence 

measurements of Rt(s) for exactly the same junction over a temperature range that 

exceeds 0.5 K. In all our measurements at varying temperatures, we did not find any 

definite temperature for the onset of tunnel resistance instabilities. As a rule, the upper 

temperature limit for observing fluctuations was between 1.5 and 2K, but they were 

also once observed at temperatures up to 2.2-2.3 K. The latter temperature is above 

the lambda-point of 4He, and this observation therefore again contradicts the previous 

assumption [18] of a role of the superfluid phase. 

Fig. 7.15 demonstrates that the behavior of the tunnel current It at 1.2 К for a 

specific tunnel junction depends to a large extent only on two factors: the distance be

tween the electrodes (all deviations from the 'normal' 4.2 К dependence occur within 

the same piezovoltage range), and the bias voltage ь- Increasing ь usually results 

in a smoothing of the It(s) curve. Sometimes sharp steps in the resistance occur, but 

these can be attributed to rearrangements of the tip-sample geometry on an atomic 

scale. The exact shape of the curve may be different for different electrode geome

tries [18]. Different junctions (e.g., created by pushing the electrodes together to form 

a low ohmic contact, and then pulling them apart again) can therefore display certain 

individual features. However, in spite of the fact that the surface of the blunter of the 
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Figure 7.16: Time traces of the tunnel resistance of a Pt MCB junction in a 4He 

gas environment at 1.2K. The ARt/R% traces display jumps between two (sometimes 

three) distinct levels. The values of ß£ were (from left to right and from top to bottom) 
144MÏI, 190МП, 223MQ, 290МП, 500МП, 1.0GÜ, and 2.6Gil, respectively. 

two electrodes is still rather rough, and that the exact shape of the sharper electrode 
is unknown (apart from the fact that it most likely contains a protruding atom some
where, because one-atom contacts can easily be established [9]), the recorded Rt{$) 

curves display only little variations from sample to sample [17]. These variations are 
probably related to the specific electrode-electrode arrangement, and may include a 
certain lateral distance between the foremost atom at one electrode and the nearest He 
atom at the other surface. The fact that some of the adsorption potential parameters 
like the holding energy and the distance to the surface depend on the exact adsorption 
site of the He atom at the electrode surface may also contribute to these variations. 

Previously, we found no or only a small influence of the bias polarity on the It{s) 

dependence at 4.2 К [18]. Curves 4, 5, and 6 of Fig. 7.15 show a similar behavior at 

1.2 K. Nevertheless, a polarity dependence exceptionally occurs at biases larger than 

300mV, both at 4.2 and 1.2 K. To our opinion, this must be related to a tunnel barrier 

asymmetry, emerging as a result of a small difference between the work functions of 

the two electrodes. Such a difference may arise due to different electrode geometries, or 

may result from a difference in the distribution of lattice defects created in the breaking 

process for the two electrodes. There are, however, in general no significant changes of 

the It(s) curves when the bias polarity is reversed for biases up to 1000 mV. 

Time traces of ß t , recorded at 1.2 К in the electrode separation range where Rt(s) 
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Figure 7.17: Time traces of Rt of two Pt MCB junctions at 1.2 К with R% = 490 MCI 

(top) and 510MQ (bottom). The traces display jumps between 5 and 4 discrete resis

tance valuesj respectively. 

is unstable, usually display resistance fluctuations between two distinct levels, with 

AR/R ranging from 1% to 100%. Fig. 7.16 shows a series of time traces recorded at the 

same Pt MCB junction, changing the electrode separation between measurements. All 

traces display jumps between discrete values of the tunnel resistance (or tunnel current). 

These jumps never occur when measuring in vacuum, and they are only present in the 

distance regime where Rt is strongly influenced by the presence of adsorbed He. This 

suggests that these resistance jumps are caused by the helium. A very likely explanation 

may be that an adsorbed He atom is moving reversibly between two (or more) different 

positions between the two electrodes, where the tunnel current reduction due to the 

adsorbed He differs for each of these positions. The latter gives the possibility to have 

different current values at the same electrode separation. 

The most natural way to describe these positions involves the rather complex com

position of the He adsorption potential between the two electrodes. The most simple 

description uses the double well adsorption potential that occurs at larger electrode 

separations in the inset of Fig. 7.13. It may be possible that a He atom is jumping 

from the minimum near one of the electrodes to one near the other electrode, and 

then jumps back. As was discussed in [17], this transfer process may be via quantum-

mechanical tunneling of the He atom through the 'adsorption barrier' in the middle 

of the double well potential. Even though the experimental temperature is very low, 

thermal excitation over the barrier is another candidate for the transfer mechanism as 

long as the attempt frequency is high enough. Several possible mechanisms will be dis

cussed in detail below. The mechanism of atom transfer from one electrode to the other 

and back would make the observed resistance fluctuations a manifestation of a spon

taneous version of the atomic switch that was realized by Eigler, Lutz, and Rudge [12] 

who transferred Xe atoms between a W tip and a Ni(110) surface by applying voltage 

pulses. 
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Figure 7.18: Transition rate for two-level tunnel-resistance fluctuations of MCB junc

tions in 4He gas at 1.2К, as a function of the applied bias voltage. The filled circles 

correspond to measurements on Pt junctions with (from top to bottom) resistances of 

Î.42GQ, 1.3GO,, and 890Mfl. Measurements at reversed bias polarity are indicated 

by open circles. The filled squares show the results of experiments on a 246-MÌÌ Au 

junction. The dashed lines are fits to the data (see text). The inset shows the results 

of a measurement at a 1.6-GQ Pt junction in 3 # e . 

It is known that for a flat surface, the adsorption potential may be different for a site 
on top of a surface atom and a site between two atoms. The adsorption potential for a 
single, rather irregularly shaped electrode is therefore expected to be rather complex, 
and two such electrodes opposing one another will have a potential between them that 
is full of local minima and maxima. The deepest minima will occur at the point where 
the electrode separation is smallest. It is exactly at this point where also the largest 
contribution to the tunnel current flows. However, it is highly possible that two (or 
sometimes three or four) minima occur near one of the electrode surfaces at the point of 
smallest electrode separation. These minima will then be closely spaced, and the barrier 
between them will be very low. This gives rise to a second possible explanation, where 
the resistance jumps are related to (lateral) transfers between adsorption potential 
minima located along one of the electrode surfaces. 

The possible presence of several local minima may lead to transfers between more 

than two positions, i.e., more than two tunnel resistance values. This can already be 

observed in the lowest trace shown in Fig. 7.16, but is displayed much more clearly 

in Fig. 7.17, where time traces with jumps betwreen five (upper trace) and four (lower 

trace) tunnel resistance values occur. A careful study of the upper trace shows that 

almost all crossovers that occur are to or from the lowest resistance level (the highest 

tunnel current). Apparently, a transfer to the position associated with this resistance 



110 Chapter 7. Electron Tunneling Experiments: Influence of Adsorbed Helium 

Rt 

P 

Pt,4He 

1.42 GO 

1.67±0.07 

Pt,4He 

1.3 Gil 

1.44±0.09 

Pt,4He 

890 ΜΩ 

1.34І0.04 

Au,4He 

246 ΜΩ 

1.45±0.12 

Pt,3He 

1.6 Gil 

2.03±0.07 

Table 7.2: Exponents ρ for the equation r = /?(V¡>)P, extracted from the experimental 
data of Fig. 7.18 by fitting. 

level is most favorable. In the lower time trace, jumps between the two highest resis

tance values never occur. This indicates that for these transfers the potential barrier 

may be too high or adsorption sites are not adjacent. 

For some junctions that were switching between two distinct resistance values, we 
measured the average switching rate as a function of the applied bias voltage ь- Fig. 

7.18 shows that the rate г depends on ь as 7* = ß(Vb)p over a rather wide ь range. 

Values for p, extracted by making a linear fit of log(/?t) to log(Vb), are found to be 

between 1.3 and 1.7 for 4 H e and are given in Table 7.2. The dashed lines in Fig. 7.18 

represent these fitting results. The measurements show that the bias dependence is 

similar for both Pt and Au MCB junctions, and that there is no dependence on the 

bias polarity. The inset of Fig. 7.18 and Table 7.2 also display the results of a similar 

measurement at a Pt junction in a 3 He environment. The г( ь) relation follows the 

same power-law dependence, but now the exponent ρ has a higher value of about 2. 

7.5.2 Discussion 

It has been argued above that the observed two-level tunnel resistance fluctuations are 

probably related to reversible transfers of He atoms between two adsorption potential 

well minima. These transfers can occur either between the two electrodes or along one 

of the electrode surfaces. The correct transfer mechanism should be able to explain 

the observed bias dependence of the fluctuation rate. It should also account for the 

behavior of the rate as a function of electrode separation. 

It can be seen from Figs. 7.16 and 7.18 that the transfer rate increases when 

the electrode separation is increased (excluding the lowest trace of Fig. 7.16, where 

the electrode separation is so large that two (layers of) He atoms may be present 

between the electrodes). The latter may indicate that the He transfer is not between 

the two electrodes, because the height and width of the adsorption potential barrier 

both increase when the electrode separation is increased (see the inset of Fig. 7.13). 

This effectively lowers the probability for transferring a He atom to the other electrode, 

i.e., the transfer rate is expected to decrease. The absolute well depth for binding 

to one of the surfaces, on the other hand, decreases when the electrode separation is 

increased. It may well be that the barrier between local minima at one of the electrodes 

also decreases, leading to an increase of the transfer probability and a higher transfer 

rate. Transfers of He atoms between local adsorption potential well minima along one 

of the electrode surfaces therefore seems to be the most likely candidate for explaining 
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the observed resistance fluctuations. 

The experimental results on the above mentioned Xe atomic switch [12] and the 

large number of theoretical models that were subsequently proposed to describe this 

switch can be used as a starting point for a discussion of possible transfer mechanisms. 

However, it should be noted that our He experiment concerns spontaneous transfers 

where the average transfer rate is measured directly. The Xe transfers were stimulated 

by a voltage pulse, and the associated transfer rate was found from a statistical analysis 

of the delay time between the onset of this pulse and the induced change in junction 

conductance. Furthermore, the movement of the He does not notably depend on bias 

polarity. One must therefore be very careful when comparing our results with the Xe 

switch. 

One of the possible mechanisms for the He transfer is the tunneling from one po

tential well minimum to another. Atom tunneling was considered as one of the possible 

transfer mechanisms to describe the Xe switch [13]. The result was not a power law 

behavior for the г( ь) dependence, but could still describe the experimental results [12] 

well on its limited bias range. The lighter He atom might also be a suitable candidate 

for atom tunneling. Due to the different mass and different adsorption potential param

eters, a completely different behavior as a function of bias would not be unexpected. 

However, the observed dependence of the transfer rate on the applied bias voltage can 

hardly be explained using this model. A variation of the adsorption potential caused 

by the applied bias voltage can be introduced, e.g., by attributing some small dipole 

charge to the He. This variation, however, is expected to be very small. Also, one would 

expect to observe a different behavior for different bias polarities for a He atom moving 

along one of the electrode surfaces. For a He atom in one of the wells of the double well 

potential existing between the two electrodes, the potential is strongly asymmetric in 

the direction over which the voltage is applied. Therefore, a different variation of the 

potential is expected for different bias polarities. Atom tunneling would also not be 

able to explain the observed bias dependence if the He would be transferred between 

the two electrodes. Because both electrodes are of the same material, the double-well 

potential would be more or less symmetric at zero bias. At large enough biases, it 

would be tilted, and the probability that the He transfers from the lower well to the 

higher one would decrease. This transfer probability would then, to a large extent, 

determine the total transfer rate, which would therefore be expected to decrease with 

increasing Vt>. 

At sufficiently low temperatures, the He jumps to another adsorption potential 

minimum by passing over a barrier. The transfer probability increases with ь, i.e., is 

larger for a larger current density. This suggests that the He transfer is stimulated by 

inelastic interactions between the He atom and conduction electrons that are tunneling 

from one electrode to the other. Inelastic scattering of electrons on a He atom may 

lead to an electron wind force in the direction of current flow. This will impose a di

rectionality on the transfer probability when the He moves between the two electrodes. 

Also, the transfer in the direction opposite to the current flow will be hindered, and a 

decrease of the total transfer rate is expected when the bias voltage is increased. This 
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again seems to indicate that the He transport is along one of the electrode surfaces. 

Inelastic electron-He interactions may cause an increase of the energy of a He atom, 

and thus the probability for the He to be transferred over the barrier is raised. Effec

tively, the He atom is heated above the temperature of its environment. It is possible 

that multiple scattering events are required, where the He is lifted to a higher vibra

tional level in its adsorption potential well by each event. The He may dissipate its 

additional vibrational energy, e.g., by exciting surface phonons or electron-hole pairs in 

the metallic electrodes. The competition between the processes of heating by inelasti-

cally scattered electrons and the relaxation of vibrational energy of the He will lead to 

a strong dependence on the current density. This may explain the observed power-law 

behavior of the transition rate as a function of the applied bias voltage. This mecha

nism was suggested to explain the Xe switch [12], and has been studied theoretically in 

detail [25,26]. An adatom can be exited inelastically mainly by two distinct processes, 

a resonant tunneling mechanism and a di pole scattering mechanism [27]. For Xe, the 

main contribution to the tunnel current could be ascribed to tunneling via the virtu

ally unfilled 6s resonance of the adsorbed Xe atom [1]. An electron that tunnels via 

this resonance is trapped for a short time, during which the Xe can be regarded as a 

negative ion. The Xe then experiences a force which occasionally leads to vibrational 

excitation [26]. Helium, being a closed shell atom, has both its I s 2 ground state and 

the first excited electron state lsl2sl far below the Fermi level for all metals used in our 

experiments. This seems to make inelastic electron scattering via resonant tunneling 

highly improbable, but it cannot be ruled out completely [27]. 

Interactions between the tunneling electrons and the transition dipole moment of 

adatom-surface vibrations can also result in an inelastic tunneling rate. This rate is 

comparable to the one for the resonant tunneling mechanism for the Xe atom [26]. Even 

though the polarizability of He is 20 times smaller than the one for Xe, dipole scattering 

may still lead to vibrational excitations, e.g., when the required excitation energy is 

significantly smaller for He due to the broader and shallower adsorption potential well. 

It was calculated for Xe that the transfer rate for such excitations should depend on 

the applied bias voltage via a power law г ос ( ь) р , with the power ρ approximately 

equal to the number of vibrational levels in the adsorption potential well [25,26]. For 

the stimulated single transfer of a Xe atom [12] ρ was determined experimentally as 

4.9±0.2. The adsorption well for He is much weaker, and the number of vibrational 

levels will certainly be smaller than for Xe, which may explain the lower power for 

He. The model provides a power law dependence, but the obtained values for the 

power ρ (Table 7.2) in the 4 H e experiments are between 1.3 and 1.7, and are therefore 

far from being close to an integer value. The Xe experiment [12] and the theoretical 

models, however, studied single, stimulated transfers of the Xe atom. The He atom 

continuously moves between two potential minima, and the rate for transferring from 

the first minimum to the second is not necessarily equal to the rate for the transfer 

back. This may lead to a much more complex dependence of the rate on the applied 

bias voltage. 

Summarizing, two-level fluctuations of the tunnel resistance between the two metal-
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lic electrodes of a mechanically controllable break junction occur at Τ = 1.2 К and are 

caused by the transfer of He atoms between adsorption potential minima. The transfer 

rate is proportional to the applied bias voltage to a power p, which is between 1.3 and 

1.7 for 4 He, and about 2 for 3 He. The transfer rate also increases when the electrode 

separation becomes larger. It has been argued that the He most likely moves along one 

of the electrode surfaces, and that the bias dependence is probably caused by inelastic 

interactions between tunneling electrons and the adsorbed He. 
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Summary 

This thesis treats a number of experiments that have been performed using Me
chanically Controllable Break (MCB) junctions. These junctions enable one to do 
experiments with two clean electrodes of the same material that are held in a highly 
stable configuration where the distance between the two electrodes can be very accu
rately set, and can be varied in a continuous way. It is thus possible to realize very 
small point contacts of an adjustable size, or to create highly stable tunnel junctions. 
A general introduction on these subjects is given in Chapter 1. 

Chapter 2 provides a theoretical background for the experiments that are discussed 
in this thesis. The chapter starts out with an introduction to the physics of usual point 
contacts, followed by a discussion of the behavior as the contact size is reduced to 
atomic dimensions. After that, the tunneling of electrons through a potential barrier 
between two metallic electrodes is described. Finally, the concept of two-level systems 
(or two-level fluctuators) is explained. 

The principle of the MCB junction technique is discussed in Chapter 3. Also, the 
experimental setup that has been used for the experiments presented in this thesis is 
described, and an adaption of the MCB junction technique for use with thin metallic 
films is presented. 

Chapter 4 describes two distinct zero-bias anomalies that have been observed in 
point-contact spectroscopic measurements on MCB junctions of several metals. The 
first anomaly is well described by two different models that both involve interactions 
between two-level systems and conduction electrons. The experiments suggest that 
these two-level systems are related to dislocations due to stretching of the sample at 
the surface near the contact in the breaking process. The second type of anomaly has 
an S shape and was observed at higher voltages. The origin of this anomaly is not yet 
clear. 

Point-contact experiments using MCB junctions of metallic glasses are the subject 
of Chapter 5. Distinct peaks in the differential resistance of these point-contacts have 
been observed around zero bias. These peaks can be attributed to the interaction 

115 



116 Summary 

between conduction electrons and fast switching two-level fluctuators (TLF's). Discrete 
jumps between two of such peaks were found to occur, which can be explained by a 
modulation of the electron-TLF coupling by defects, present in the vicinity of the 
contact, that slowly switch between two configurations. The contributions by three 
different mechanisms of interactions between electrons and two-level fluctuators to the 
observed low-energy singularity have been studied by measuring RF response signals 
at 600 MHz and 60 GHz, and comparing it to the low-frequency response at 1.85 kHz. 
The resulting curves indicate that a non-magnetic Kondo-like interaction is the most 
important contribution. However, elastic scattering on highly asymmetric TLF's may 
also be quite important. 

Chapter 6 discusses electron tunneling experiments in vacuum which were per
formed using MCB junctions at low temperatures (T = 4.2K). The tunnel resistance 
of Al, Pt , and Pt-Ir MCB junctions has been studied as a function of the electrode 
spacing. Clear deviations from the expected exponential behavior have been observed. 
Comparison with previous experimental and theoretical studies indicate that the dis
cussed deviations are most probably due to the shape of, rather than to interactions 
between, the two electrodes. 

Chapter 7 describes measurements of the tunnel resistance of Al, Pt , Ag, and Au 
MCB junctions in a low-temperature He gas environment, recorded as a function of 
the electrode spacing. The tunnel resistance is found to be strongly influenced by the 
presence of adsorbed He atoms. In a certain range of interelectrode distances, the 
tunnel current is reduced compared to vacuum tunneling. This reduction is found to 
be bias voltage dependent at small biases and has a typical width of 15-20 meV at 
4.2 K, centered around zero bias. When the measurements are performed at T= 1.2 K, 
telegraph noise-like resistance fluctuations of the tunnel resistance occur in a limited 
range of electrode separations. These fluctuations are attributed to reversible transfers 
of He atoms between adsorption potential minima. 



Samenvatting 

Dit proefschrift beschrijft een aantal experimenten die zijn uitgevoerd met behulp 
van Mechanisch Controleerbare Breek (MCB) juncties. Deze juncties bieden de moge
lijkheid om experimenten te doen met twee schone electrodes van hetzelfde materiaal. 
Hierbij zijn de electrodes opgehangen in een uiterst stabiele configuratie waarmee de 
onderlinge afstand zeer nauwkeurig ingesteld en gevarieerd kan worden. Dit biedt 
de mogelijkheid om zeer kleine puntcontacten met een regelbare grootte te maken, 
of om uiterst stabiele tunnel juncties te creëren. Een algemene inleiding over deze 
onderwerpen wordt gegeven in Hoofdstuk 1. 

Hoofdstuk 2 bevat een theoretische onderbouwing voor de experimenten die worden 
besproken in dit proefschrift. Allereerst wordt de fysica van normale puntcontacten 
beschreven. Vervolgens wordt ingegaan op het gedrag van puntcontacten die slechts 
één of enkele atomen groot zijn. Daarna wordt het tunnelen van elect roñen door een 
potentiaalbarrière tussen twee metallische electrodes besproken. Als laatste volgt een 
uitleg van het concept van twee-niveau systemen. 

Het principe van de MCB junctie wordt uitgelegd in hoofdstuk 3. Ook wordt de 
opstelling die gebruikt is voor de in dit proefschrift beschreven experimenten besproken. 
Verder wordt een aanpassing van de MCB techniek voor het maken van juncties met 
dunne metallische films gepresenteerd. 

Hoofdstuk 4 beschrijft metingen van puntcontact spectra met MCB juncties van 
een aantal metalen. Hierbij zijn in een aantal spectra bij kleine bias-spanningen over de 
juncties onverwachte effecten geobserveerd die kunnen worden onderverdeeld in twee 
verschillende types. Het eerste type wordt goed beschreven door twee verschillende 
modellen die met elkaar gemeen hebben dat ze beide interacties tussen twee-niveau 
systemen en geleidingselectronen als uitgangspunt hebben. De experimenten doen 
vermoeden dat deze twee-niveau systemen een samenhang hebben met de aanwezigheid 
van dislocaties die zijn ontstaan door oprekking van het oppervlak van de electrodes 
in het breekproces. Het tweede type is S-vormig en wordt aangetroffen bij iets hogere 
spanningen. De achtergrond van dit type is vooralsnog onduidelijk. 
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Puntcontact experimenten met MCB juncties van metallische glazen zijn onder
werp van Hoofdstuk 5. In de differentiële weerstand treedt een duidelijke piek op rond 
de nul-spanning. Deze piek kan worden toegeschreven aan een interactie tussen gelei-
dingselectronen en snel wisselende twee-niveau systemen. Verder bleken stapsgewijze 
sprongen op te treden tussen twee van zulke pieken. Dit kan worden verklaard als een 
manifestatie van een modulatie van de bovengenoemde interactie door roosterimper
fecties in de nabijheid van van het contact, waarbij deze imperfecties met een lage fre
quentie wisselen tussen twee verschillende configuraties. De interactie tussen electronen 
en twee-niveau systemen is opgebouwd uit drie verschillende bijdragen. De afzonder
lijke bijdragen zijn bestudeerd door metingen van bovengenoemde piek te herhalen met 
modulatiefrequenties van 600 MHz and 60 GHz, en de resultaten te vergelijken met 
het laag-fequente signaal gemeten bij 1.85 kHz. De metingen laten zien dat de belang
rijkste bijdrage een niet-magnetische interactie is waarvan de beschrijving lijkt op die 
van het Kondo-efTect. De bijdrage door elastische verstrooiing van electronen aan sterk 
asymmetrische twee-niveau systemen kan ook vrij belangrijk zijn. 

Hoofdstuk 6 gaat in op electron tunneling experimenten in vacuum die zijn uit
gevoerd met MCB juncties bij lage temperaturen (T = 4.2K). De tunnelweerstand van 
Al, Pt , en Pt-Ir MCB juncties is gemeten als functie van de afstand tussen de twee 
electrodes. Hierbij werden sterke afwijkingen van het verwachte exponentiele gedrag 
gevonden. Een vergelijking met eerder uitgevoerde experimentele en theoretische stu
dies laat zien dat de geobserveerde afwijkingen hoogstwaarschijnlijk samenhangen met 
de exacte vorm van de electrodes en niet of nauwelijks het gevolg zijn van interacties 
tussen de twee electrodes. 

Hoofdstuk 7 beschrijft metingen van de tunnelweerstand van Al, Pt, Ag, en Au 
MCB juncties als functie van de afstand tussen de electrodes, in een heliumgas-omgeving 
bij lage temperaturen. De tunnel weerstand blijkt daarbij sterk beïnvloed te worden 
door de aanwezigheid van geadsorbeerde He atomen. Bij bepaalde afstanden tussen 
de electrodes uit zich dit als een verlaging van de tunnelstroom vergeleken met de 
stroom bij tunnelen in vacuum. Deze verlaging blijkt af te hangen van de over de elec
trodes aangelegde bias-spanning bij kleine spanningen. De afhankelijkheid treedt op 
over een spanninginterval met een breedte van 15 20 meV bij 4.2 K, waarbij dit interval 
symmetrisch rond de nul-spanning ligt. Wanneer de metingen uitgevoerd worden bij 
Τ = 1.2 К treden over een beperkt afstandsinter val stapsgewijze sprongen tussen twee 

waarden van de tunnelweerstand op (telegraaf ruis). Deze weerstandsvariaties worden 

toegeschreven aan reversibele overgangen van He atomen tussen verschillende minima 

van de adsorptie potentiaal. 
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Nawoord 

Het boekje is klaar, het doel is bereikt, de bal ligt in het net» Maar het scoren van 
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Verder speelt het samenspel met medespelers een grote rol, een geslaagd één-tweetje 
kan je ineens in een kansrijke positie brengen. De aanmoediging en het geloof van je 
eigen publiek geeft een heleboel steun in de rug, en dat is soms nodig als bijvoorbeeld 
het spel even niet loopt. Maar zoals bij een doelpunt alleen de naam van de maker 
wordt vermeld, zo staat ook alleen mijn naam op de voorkant van dit boekje. Daarom 
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sche of computertechnische vragen. De verkenning van de mogelijkheden van electron 
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grondslag gelegen aan de meeste resultaten die in dit proefschrift worden besproken. 
Riki Gommers wil ik hier ook zeker noemen, als er iets geregeld moest worden wist jij 
altijd het hoe en wat. 

Een promotieonderzoek is niet alleen maar werken en nog eens werken, je moet ook 
op zijn tijd afstand kunnen nemen. Dat doet me denken aan het tafeltennissen in een 
halfdonkere en te lage kelder in de N2 vleugel, aan het spelen van voet bal toernooit jes 
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en aan het drinken van warm vocht dat pas na komst van de percolator elke dag met 
recht koffie genoemd mocht worden. 

Als laatste wil ik hier mijn eigen publiek, mijn familie en mijn vrienden, bedanken. 
Günther en Marco voor alle lol die we samen hebben gehad. Mijn ouders, zonder hen 
zou ik niet zijn waar ik nu ben. Mijn broers en mijn zus die er voor me zijn als het 
nodig is. Maar bovenal wil ik Anne-Marie bedanken, voor de steun, het relativeren, de 
gezelligheid, het vertrouwen, kortom: voor onze liefde. 

René Keijsers 
Venray, september 1998 






