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Chapter I : GENERAL INTRODUCTION

It 1s one of the fascinating aspects of the quantum theory of soliads
that 1n a metal, the electrons can move frecely over a fairly large
distance, called the mean free path (up to 1 cm 1n pure metals at low
temperatures), without a collision with, for instance, impurities or
lattice vibrations (phonons).In the absence of an applied voltage over
the metal, the electronsmove 1n random directions and no net current
flows 1n the sample. In a uniform electric field, caused by an applied
voltage, the electrons are accelerated over a distance of the order of
the mean free path 1in the direction of the field and the electrons get
a preferred velocity-component, the drift velocity, whict 1s responsible
for the current through the metal. After a collision, the electron comes
back 1n equilibrium, and then the acceleration process starts agaain.
Using this simple mean-free-path model for the electrical conduction,
one can readily show that the applied voltage over a metal sample 1s
proportional to the electrical current. Thas 1s the well known Ohm's law.
Due to the high electrical conductivity of a metal, the drift velocity
1s very small compared to the average random velocity of the electrons
(Ferm1 velocity). This 1s why Ohm's law 1s such a good approximation
for the relation between the current and the voltage in a metal.
Increasing the voltage will certainly increase the drift velocity of the
electrons, but from an experimental point of view, again due to the high
electraical conductivaity, deviations from Ohm's law are difficult to
distinguish from ordinary heating effects.

In this thesis, we discuss 1nteresting non- linear phenomena observed
i1n the current-voltage characteristics of metallic constrictions (point
contacts) which have a linear dimension a comparable to or smaller than
the electronic mean free path £ (a<l). In these point contacts, it 1is
possible to have a rather high electric field within a metal, i1mpossible
otherwise, wich gives the electrons a considerable drift velocity within
the metal by saimply applying a voltage over the contact. No significant
heating occurs 1in this geometry. The observed non-linearity of the current-
voltage relation in metallic point contacts can be used for a fundamental
study of the interactions of the electrons in a metal. A spectral analysis
of the relevant scattering mechanisms for the conduction electrons in a

metal 1s possible. This experimental method, developed in Prof. I.K.Yanson's



laboratory in Kharkov and in our laboratory in Nijmegen 1s nowadays called
"point-contact spectroscopy”.

Starting with the advent of rotating machinery at the end of the 19th
century, the problem of the understanding of electrical contacts 1s quite
old. Today, in the technology of micro electronics, the manufacturing
of metallic contacts 1s again important in order to attach stable metallic
leads to semi-conducting devices (diodes, transistors, integrated circuits).
The current densities in contacts of these small-scale devices can be as
large as 106 A/cm2 (a few milliampéres through a contact with a linear
dimension of a few microns). The point contacts under study in point-
contact spectroscopy and discussed in this thesis have even larger current
densities (up to 1011 A/cmz) and reveal remarkable non-linear behaviour.
The first pioneering experiments 1in this rather new field were done by
Yanson1 1n Kharkov (USSR) in a study of the current-voltage characteristics
of tunnel junctions (two metal films separated by an oxide layer) with
a short circuit between the metal films deliberately or accidentally
produced. He discovered that the contact resistance of these micro contacts
at liquid helium temperatures increased remarkably 1n a non-linear way
at applied voltages which correspond to the phonon frequencies of the
bulk metal forming the junction. This observation indicates that the
non-linearity 1s related to the coupling between the conduction electrons
and the phonons. Moreover, Yanson found, as the grand result for point-
contact spectroscopy, that the measured voltage derivative of the resistance
gives a signal as function of the applied voltage which 1s proportional
to the electron-phonon coupling parameter aZF(w). azF(m) characterizes the
energy dependent electron-phonon interaction, loosely speaking, F 1s the
phonon density of states and a the matrix element for the electron-
phonon interaction averaged over the Fermi sphere.

The applicability of this spectroscopic method has been dramatically
increased by the discovery that also metallic point contacts, consisting
of a sharply etched needle ("spear") pressed against a bulk surface
("anvil"), are useful for an experimental study of the phenomenum2.

These pressure-type polnt contacts make 1t possible to use the method ain

a simple and convenient way for an experimental study of a large variety

of samples, including single crystals i1n order to study anisotropy

effects. In figure 1 we give an example of the current-voltage characteristics

for a pressure-type point contact of copper. The increase in the resistance
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Fig. 1 Current-voltage characteraistics as directly measured on a
recorder of a copper point contact with a resistance R° =5,7Q
at a temperature T = 1.2 K. The current I (a), the differential
resistance dv/dI (b) and the second derivative d2V/dI2 (c) are
given as a function of the applied voltage V. The structures 1in
the d2V/dI2-51gnal around 17 and 27 mV correspond to the bulk

phonon frequencies of copper.

dv/dl around 17 and 27 mV and the resulting structures in the dzv/dI2
signal are clearly visible. These experiments reveal in a very clear way
the aZF—spectrum for the electron-phonon interaction 1n copper.

The coupling between electrons and phonons plays an important role
1n many physical properties of metals, such as the electrical conductivity,
the thermal conductivity, superconductivity etc. This makes that an
experimental determination of the function azF 1s of great interest. Thas
1s of particular importance, as theoretical band structure calculations
of azF seem to be rather difficult and not too reliable.

The point-contact method gives, as an example, detailed information about
the relative strength of the coupling of the electrons with the various
phonon modes (transverse and longitudinal) in a metal. For normal

metals, (1.e non-superconductors), point-contact spectroscopy 1s, at



least until now, the only experimental method which can determine the
energy dependence of the function azF successfully.

For an intuitive explanation of the non- linearity in the current-
voltage characteristic of a point contact 1t 1s instructive to make a side
step to one of the classic experaiment in atomic pnysics: the Franck-Hertz
experlment3. In a tube filled with a dilute gas of mercury atoms, electrons
are accelerated through a potential. Increasing the potential results in an
increase of the kinetic energy of the electrons. If the kinetic energy
of the electrons reaches the quantum energy, which can be absorbed by a
Hg atom, the conductivity of the gas chamber decreases. This process results
in the periodic pattern of the conductivity of a dilute gas of mercury atoms
1n an applied electric field,as shown in figure 2. The Franck-lertz
experiment snows 1n a clear way that the emission and absorption of light
1s quantized, and, more important in our context, that the scattering
cross section for the scattering of the electrons with Hg atoms 1s a measurable
function of the energy. For a point contact between two metals, a simular
situation holds: The electrons are accelerated in the electric field caused
by the applied voltage by passing the contact area. A moderation and a slow
down of the injected electrons occurs via inelastic collisions with
phonons, these processes depend strongly on the energy of the electrons and
give rise to a non-linear current-voltage characteristic due to the electron-
phonon interaction.

In a theoretical analy51s4'5, the transport problem for the electrical
current througn a point contact in the limit a<f has been solved, using the
concept of "blackflow". After having suffered an 1nelastic collision
(spontaneous emission of the phonon) the electrons which have been 1injected
through the contact, can flow back through the constriction. This explains
the 1ncrease 1n resistance at typical phonon energies. The theoretical
analysis shows that the second derivative signal for a metallic poant
contact 1s proportional to a slight modification of the usual function o F.
The modification has to do with the transport efficiency for the occurence
of a blackflow process 1in the point- contact geometry.

Until now point-contact spectroscopy has been used almost exclusively
to study the electron-phonon interaction. It 1s obviously very much
worthwile to investigate the possibility 1f other scatterers than phonons
can be probed via the same point-contact method. Recently, the interaction

-
of electrons with magnons6 and with paramagnetic impurities has been
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(After the original paper by Franck and Hertz).

detected successfully in point- contact experiments, with, respectively,
ferromagnetic metals and magnetically dilute alloys (Kondo systems) .
These experiments give a promising future for the detection of all kinds
of scattering mechanisms of the conduction electrons in a metal using
point-contact spectroscopy. The only limiting condition seems to be that
the electronic mean free path of the sample to be investigated in a point-
contact geometry has to be comparable or larger than the dimensions of the
contact.

The thesis 1s organlzed as follows. In the next chapter, a survey 1is
given of the theoretical and experimental work done in this field with
1ts exciting "sharp points". After this review, the following chapters
treat several aspects 1n point-contact experiments, 1nvolving the measurement
of the electron-phonon coupling in noble metals, the observation of
double phonon processes, the temperature dependence of the spectroscopic
method and the application of point-contact experiments to Kondo systems.
nll chapters are given in the form of published papers or papers to be

published.
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Chapter II : POINT-CONTACT SPECTROSCOPY IN METALS

Abstract

Point contacts between normal metals at low temperatures show very
interesting non-linear phenomena i1n the current-voltage characteristics.
The observed deviations from Ohm's law 1n metallic constrictions can be
used for an energy resolved spectral analysis of the interaction mecha-
nisms of the conduction electrons with elementary excitations in a metal.
A review 1s given on the theoretical and experimental work dealing with
this spectroscopic method. The metallic point contacts investigated show
structures in the measured secord derivative dZV/dI2 which are i1n agree-
ment with structures in the phonon density of states of the metal under
study. A theoretical analysis, 1involving an i1terative solution of the
full non-linear Boltzmann equation for the transport problem of a cur-
rent through a point-contact geometry, 1s able to show that the observed
second deraivative signal 1s proportional to Eliashbergs form of the elec-
tron-phonon interaction aQF(m), with a slight modification due to a trans-
port efficiency function. Non-equilibrium effects of the phonon system
are discussed 1n relation to the observed background signal on which the
azF-SLgnal 1s thought to be superimposed. The theory can easily be exten-
ded to other scattering mechanisms than the electron-phonon interaction,
and some experiments show that the interactions of conduction electrons
with magnons and paramagnetic impuritlies can be detected using point con-

tacts between ferromagnetic metals and between magnetically dilute alloys.



1. Introduction

The problems of electrical contacts between metals have always attrac-—
ted a great deal of interest. Especially in the development of micro elec-
tronics, much effort has been put in the production of reliable contacts
to these small-scale devices. For the metallic contacts, one usually ex-
pects a linear relation between the applied voltage and the current through
the contact, according to Ohm's law. However, interesting non-linear be-
haveour can be observed i1n the current-voltage characteristics of metallic
constrictions 1f the linear dimension of the contact becomes comparable to
or smaller than the mean free path of the electrons in the metal. It turns
out that the observed phenomenum can be used for a fundamental study of
the scattering mechanisms of the conduction electrons i1n a metal, leading
to a new experimental tool, nowadays referred to as "polint-contact spectros-
copy". In this paper we want to give a review on the experimental and
theoretical work done in this field following the first pioneering and
inportant publication by Yanson (1974 a).

In an expcraimental study of metal-insulator-metal tunnel junctions,
with a short circuit in the oxide layer between the metal films, Yanson
(1974 a) has found that the current-voltage characteristics of these metal-
lic micro contacts showed a non-linear behaviour at liquid helium tempe-
ratures. To characterize the non-linearity Yanson has measured the second
derivative dzv/dI2 of the voltage with respect to the current as a func-
tion of the voltage V. As a most remarkable result, he observed structures
1n the measured second-derivative signal at applied voltages corresponding
to the bulk phonon frequencies of the metal forming the junction. Yanson
interpreted the experimental data as a direct measurement of the electron-
phonon interaction function uzF. Roughly speaking, the Eliashberg function
u2F 1s the product of the phonon density of states F and the squared
matrix element o for the electron-phonon interaction, averaged over the
Fermi sphere. As the radius a of the investigated contacts is small com-—
pared to the mean free path 2 of the electrons (a < %), the transport of
electrons through the contact 1s ballistic and no longer diffuse. Within a
mean free path distance, the electrons are accelerated due to the electraic
field caused by the applied voltage, and are injected from one metal side
to the other by passing the contact (Sharvin, 1965). The accelerated elec-

trons are brought back into equilibrium via 1inelastic collisicons with, for



instance, phonons. In paragraph 3 of this paper, we will show 1in a simpli-
fied and intuitive picture that one can easily get an interpolation formu-
la for the resistance of a contact in the 1intermediate regime between the
limiting cases of a >> £ or a << £ and 1t 1s found that the inelastic
phonon emission near the orifice yields a second derivative signal which

1s proportional to the Eliashherg function azF. Recently, theoretical work
with a more fundamental approach has become avallable (paragraph 4). The
full non-linear Boltzmann equation has been solved for the point-contact
problem, introducing the concept of "backflow" (Kulik et al., 1977; van
Gelder, 1978). After 1injection, the electrons can flow back through the
orifice due to an 1nelastic scattering process; this process gives rise

to a negative and voltage-dependent correction to the current. Hence, the
non-linear current-voltage relation contains information about the inelas-
tic collisions of the electrons. A careful analysis then shows that the
measured spectrum 1s characterized by a slight modification of the function
a2F, 1nvolving a geometrical transport efficiency for the backflow current
arising from the electron-phonon interaction. In addition, 1n most point-
contact spectra a smooth background signal 1s observed, on which the
a2F—51gnal 1s thought to be superimposed. An explanation for the background
signal can be given 1n terms of a non-equilibrium distribution of the phonon
system, which gives additional corrections to the current from stimulated
emission and absorption processes (van Gelder et al., 1978; van Gelder,
1980).

Experimentally, various metals have been investigated using point-con-
tact spectroscopy for the measurement of the electron~phonon interaction
(Yanson and Kulik, 1978). The method has been extended for the investigation
of a large variety of samples, including single crystals, by the fact, that
pressure-type point contacts, consisting of a sharply etched spear pressed
against a bulk anvil, appeared to be very useful for spectroscopic investi-
gations (Jansen et al., 1977 and 1978). In paragraph 5, the experimental
techniques used for the point-contact method will be discussed. Paragraph
6 contains a survey of the experimental results of the measured electron-
phonon interaction in metals using metallic point contacts. This technique
provides interesting and novel results, especially for the normal metals,
which have not been studied before. For instance, one gets direct experi-
mental information concerning the relative strength of the various phonon

modes {(transverse or longitudinal) in the electron-phonon coupling.
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The influence of the temperature will be treated in paragraph 7. An
increase of the measuring temperature results in a broadening of the mea-
sured second derivative spectra. It 1s very interesting to compare the tem-
perature dependence of the point-contact resistance at zero voltage with
that of the bulk resistivity. Small differences in the temperature depen-
dence for the two cases can be ascribed to differences 1in the transport ef-
ficiency i1n the bulk and in the point-contact geometry (van Gelder et al.,
1980 a).

It 1s obvious that point-contact spectroscopy can in principle be ap-
plied to any arbitrary scatterer, not only phonons. The relevant theory
w1ll therefore be presented accordingly. In paragraph 8 experimental re-
sults will be discussed which have been performed in ferromagnets (Verkin
et al., 1979) and in magnetically dilute alloys (Jansen et al,, 1980 b)
1n order to detect other scattering mechanisms than the electron-phonon
interaction. In the point-contact experiments with ferromagnets, structure
1s observed which can be ascribed to strong heating ain the vicinity of the
metallic contact. A modified temperature dependent resistivity 1s measured
arising from electron-magnon interaction. The experiments with the Kondo
systems seem to open the possibility for a direct determination of the
energy-dependent scattering time for a metal containing paramagnetic im-
purities from the change in resistance of a point-contact.

However, a word of caution should be said about the general appli-
cability of point-contact spectroscopy as a general tool to measure the
energy dependence of the scattering length., As the technique works only
1f the dimensions of the point contact are small or at least comparable to
the mean free path of the electrons, point-contact spectroscopy can only
be applied successfully to reasonably pure metals with not too short a mean

free path.
2, Methods for obtaining phonon spectra

It 1s rather difficult to determine theoretically the Eliashberg
function azF, responsible for the electron-phonon interaction in metals.
Therefore, 1t 1s of considerable importance to measure the phonon spectra
experimentally; this can be done in several ways, Detailed phonon disper-
si1on curves w(q) (phonon frequency w as function of wave number gq) along

the principal symmetry directions of a single crystal are obtained from



experiments with coherent i1nelastic neutron scattering (Dolling and

Woods, 1965); these dispersion curves can then be fitted to an i1nteratomic
force model for nearest neighbor interactions (Born- von Karman analysis).
By sarpling over a large number of gq-values, the phonon density of states
F(wx) 1s then calculated from the dispersion curves. For materials, which
absorb neutrons (i.e. 3He or Cd), diffuse X-ray scattering can be used in
a similar way to determine the phonon dispersion curves leading to F(w)
(Walker, 1956).

Using the superconducting tunneling mechanism i1n a geometry of two
metal films separated by an oxide layer the electron-phonon interaction
uzF can be measured for superconducting metals (McMillan and Rowell, 1969).
The density of states in a superconductor 1is obtained experimentally from
the conductivity of the tunnel junction in the superconducting state, nor-
malized to that in the normal state. Theoretically, using the theory of
strong coupling superconductors (Parks, 1969), the density of states can
be found by an iterative solution of the coupled Eliashberg equations
containing the function aZF. By trial and error, 1t 1s then possible to
determine azF by comparing the theoretically calculated density of states
with the experimental results. Using the proximity effect, in a tunnel
junction phonon structures have been observed 1n a normal metal backed by
a superconductor (Chaikin and Hansma, 1976).

In tunneling experiments with superconductors put in the normal state
by a magnetic field, non-linearities 1in the current-voltage characteristics
have been observed at typical phonon energies (Rowell et al., 1969), which
can be analysed in terms of an enhanced tunneling probability arising from
phonon modes of the surface layer in the metal electrodes., It 1s 1nteres-
ting to note that in these tunneling experiments an increase 1s seen in the
conductivity of the junction, where point-contact spectroscopy shows an 1n-
crease 1n the contact resistance,

In Mossbauer experiments (Frauenfelder, 1962) a moment of the function
azF ( aZF(w) wn dw for n = + 1, + 2) can be measured. One should
realize that the energy dependence of the electron-phonon interaction is
also contained in the temperature dependence of the electrical resistivity,
which could allow a determination of azF using a suitable analysis.

Point-contact spectroscopy seems to be an important tool to measure
the function azF. Especially for non-superconducting metals, 1t 1s the

only known method to yield detailed information on the energy dependence
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of the electron-phonon interaction. As up to now phonon spectra of mectals

are most elaborately studied using 1inelastic neutron scattering (F(w)) and
2

superconducting tunneling-spectroscopy (o F(w)), we will compare the point-

contact spectra with spectra from these experimental techniques.
3. Constraiction resistance and 1ts voltage dependence

We want to describe the voltage dependence of the electrical resis-
tance of a metallic point contact at low temperatures which reveals the
non-linearity in the current-voltage characteristics arising from inelastic
scattering processes of the electrons. In this paragraph, we use a heuristic
approach i1n order to clarify the role of the relavant paramcters in point-
contact experiments. In particular we discuss in detail the 1interactions
of the electrons with the lattice vibrations, 1.e. the electron-phonon
interaction. In paragraph 4 a more formal solution of the non-linear
Boltzmann equation for the point-contact problem will be discussed; this
approach will be extended to arbitrary targets for inelastic scattering of
the conduction electrons.

The interest in the understanding of electrical contacts, often called
the problem of the "constriction resistance" 1s gquite old (Holn, 1967).
Already Maxwell (1904) has studied the problem of the resistance of a small
metallic contact. He solved in a classical way Poisson's equation for the

electrical potential energy ¢ as a function of the position r
2
Vi ¢ (x) =0 (3.1)

in oblate spherical coordinates. For a current flowing through a con-
stricting circular orifice of radius a the contours of constant potential

energy are given by

$(r) = + %![1 - .% arctan (1/8)], (3.2)
where the oblate spherical coordinates may be found from tne more famil:ar
spherical coordinates r and z by solving the implicit egquation r2/a2 =

(1 + 52)(1 -z2/£2a2) (figure 1). The two signs refer to the two sides of
the contact. The total voltage V, applied over the contact, devided by

the current through any contour of constant potential yield an expression

for the contact resistance. For simplicity we choose the contour with

E = 0 and ¢(£) = 0, that 1s the orifice itself. The current 1 1s given by



Fig. 1 Point contact in the Maxwell limt

(£ < a). Indicated are the electric
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Here, explicit use of Ohm's law 1s made 1n the form of jz =0 Ez =

= (1/pe) (3¢/32), where the conductivity of the metal 1s given by g = 1/p.

From this, one gets the Maxwellian resistance for the point contact

Ry = p/2a (3.4)

Maxwell's method gives the solution for the point-contact problem in
the regime where Ohm's law (J = OE 1s valid. However, for contacts of
metals where the mean free path & of the electrons i1s much larger than the
linear dimension a of the contact, this assumption does not hold any more,
The problem resembles the well known Knudsen-problem in the kinetic gas
theory: By pumping through a small hole in a gas container, the pressure of
the gas will be lowered. However, at the moment where the path length of
the gas molecules becomes comparable with the diameter of the hole, there
1s no longer diffuse flow and the molecules will pass the orifice ballisti-
cally. The problem was first considered by Knudsen (1934) and the different
regimes are characterized by the Knudsen ratio K = L/a .

Electrical contacts i1n the clean limit with large Knudsen ratios

13
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Fig.2 Point-contact in the
Knudsen limit (£ > a)
leading to a ballistic

transport of the electrons.

have a large gradient in the potential near the contact, causing the elec-
trons to be accelerated within the metal over a short distance (figure 2).
Crudely speaking, the electrons are i1njected with an excess energy from
one metal to the other. This type of contacts with large Knudsen numbers
has been discussed for the first time by Sharvin (1965). The speed in-
crement Av for an electron which passes the orifice 1s proportional to the
applied voltage: Av = eV/pF, where pF 1s the Fermi momentum. The speed in-
crement results in a current I through the contact, given by I = = aznoAv =
m a2(n°e2/pF)V, where no 1s the electron density. Using the Drude formula
for the resistivity p = pF/noezl, one finds an expression for the resis-
tance of a contact in the limit of high K = &/a: Rs = pf/m a2. Performing
the 1integration over all possible angles gives a numerical factor of 4/3.
The Sharvin resistance (K = £/a >> 1) of a circular contact i1s therefore

given by

R = 4 ph

s 3 na2

. (3.5)

It should be realized that the Sharvin resistance i1s independent of the

mean free path 2 because p o 1/%, as expected for ballistic transport
through the contact. Using the expressions for the resistances 1n the
Maxwell and Sharvin limit we can make an estimate of the contact radius

a for 1.e. a copper point contact with resistance R = 1 { and residual re-
s1stivity ratio between roomtemperature and liquid helium temperature RRR=20.
Using the Maxwell formula, we find a = 4 A, and using the Sharvin formula

a = 120 A. For a reasonable pure metal we may conclude that the point con-
tacts usually obtained in these experiments can be considered to be in the
Knudsen limit (2/a > 1).

In between the limiting cases of the Maxwell resistance RM (K << 1)



and the Sharvin resistance RS (K >> 1), given by equations (3.4) and (3.5),
a simple interpolation formula can be found. Wexler (1966) has given a so-
lution of the Boltzmann equation, using the variational principle for the
resistance of a contact. One gets for the resistance R of the point-contact
pl L a

px p__ 4 pt 3 a
a2+ TK) 55 = 3 2 1+ 3= TK 7). (3.6)

(%3 9"~
2

Here, T (K) 1s a slowly varying function of the Knudsen number K, with
T(k=0) = 1 and T(K = @) = 0.694.

The measured current-voltage characteristic of a Cu point-contact at
low temperatures 1s non-linear as shown in figure 3. This 1s clearly visible
in the measured first and second derivative (dV/dI and dzv/dlz), also plot-

ted 1n figure 3. The structure in the second derivative around 17 and 27 mV

—-b %

d¥/dl (arbilrary un 1s)

current [ (ma)

2 15 S § 15 1]
vallage Y(m¥)

4297412 farburary omits}

15 [ 3
voltage ¥(m¥)

Fig. 3 Recorder output of the current-voltage characteristics of a
copper point contact. The currxent I (a), the first derivative
dv/dI (b) and the second derivative dzv/dI2 are girven as a function

of the applied voltage V. Resistance R° = 5.7 Q; temperature
T =1.2 K,
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occurs at enerqgies corresponding to the typical phonon frequencies of Cu;
therefore the signal 1s directly related to the electron-phonon interaction
1n the metal. As the measured signal 1is proportional to the voltage deriva-
tive of the resistance (d2V/dI2 = 1/R dR/dV), the voltage or energy
dependence of the contact resistance as expressed by equation (3.6) has to
be considered. Usually, the electronic mean free path & will be energy de-
pendent, £ = £(e). However, 1n equation (3.6) only the second term depends
on the mean free path #(e) as the product p& 1s characteristic for a given
metal and 1is independent of the mean free path. One finds for the voltage

derivative of the resistance

drR _ e d 1
av rx) 2a av ( l(t=eV)) - (3.7)

The Sharvin-like term 1n equation (3.6) leads to no structure, but this
term 1s essential as he allows to have an electric field within a metal.

The total scattering lengtn £ of the electrons 1s determined by the
elastic scattering with the impurities (llmp) and the 1nelastic scattering
with the phonons (lep). Using Matthiessen's rule the total scattering
length 2 can be written as

11
DA

+ . (3.8)

imp ep

H"—-

Here, only the electron-phonon length lep w1ll be energy dependent and
give rise to a contribution to the signal via equation (3.7). Using the
well known Fermi's golden rule argument for the transition rate of an
electron arising from the electron-phonon interaction, one finds for the
scattering time Tep(e) = ﬂ.ep(e)/vF of an electron with energy € above the

Ferm1i level

1
~ = £ -e -h -
- h b [g | G(EP € wq) (Nq+1 fk)

+ é(ep + hwq - ck) (Nq + fk) . (3.9)

Here, ¢g_ 1s the matrix element for the electron-phonon interaction for a
phonon with wave vector q and energy hmq, Ep and Ek the energies of elec-
trons with momenta p and k, Nq the Bose distrabution function of the phonons
and fk the Fermi dastribution function of the electrons. The summation over

k can be replaced by an 1integral
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No d

L=gfae 132 (3.10)
k 2k

where No 1s the density of states at the Fermi level., Defining the

Eliashberg function for the electron-phonon interaction as

=4

2 o qd
a“F (w) =2—f—-—|gq

q |2
2
2kF

§ (ho-hw ), .
who ) (3.11)

the scattering time can now be written as

1

e - 21 [ dw azF(m) [2N(w) + 1 + f(etw) - f(e-w)] . (3.12)

For T=0 this reduces to

1 e/ 2

— =27 J dw a"F(w) . (3.13)

t(g)

0

Therefore one finds the all important result that for low temperatures
the voltage derivative of the point-contact resistance i1s given by

dR L 2 2

W = 5T 22 afFew) . (3.14)

2a th

This equation allows a direct determination of azF by measuring the voltage
deraivative of the resistance of a metallic contact.

In figure 4 we have plotted the measured second derivative dzv/dI2 as
a function of the applied voltage for a Au point contact. To compare the
measured signal with the phonon spectrum, we have given in the same figure
the phonon density of states F(w) as obtained from inelastic neutron scat-
tering experiments, As expected, there 1s a clear agreement 1in the voltage
dependence of the signal with the frequencies of the transverse and longi-
tudinal phonons. The point-contact spectrum shows a weaker coupling of the
electrons with the longitudinal phonons than with the transverse phonons;
this was observed for all the noble metal point contacts (Jansen et al.,
1977 and 1978). Note, that the point-contact spectrum should vanish for
applied voltages bigger than the Debije energy, as there are no more phonons
available. However, a smooth background signal, saturating at high enerqgies
at a non-zero level, remains (short-dashed line in figure 4). Because of

the spontaneous emission of phonons, the phonon system does not have to be

17



d2v/d12 (v/AY)
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Fig. 4 Measured 4"V/dI” spectrum of a gold point contact. The long-dashed
line gives the phonon density of states F(w) obtained from inelas-
tic neatron scattering (Lynn et al., 1973). The short-dashed line

shows the smooth background signal.

in thermal equilibrium. If this effect 1s taken into account, at will be
shown i1n the next paragraph, that these non-equilibrium phonons give rise
to a background signal, which saturates above the Debije energy, 1n agree-

ment with the experimental findings.
4. Solution of the Boltzmann equation
4.1 Formulation of the problem

In the previous paragraph we have discussed the observed non-linear
phenomena in the current-voltage characteristics of metallic point contacts
using a more phenomenological approach based on an interpolation procedure
between the Maxwell and Sharvan limit. Here, we present a more fundamental
discussion based on the solution of the full non-linear Boltzmann equation
for the point-contact problem which has recently become available (Kulik
et al., 1977; Kulik and Yanson, 1978; van Gelder, 1978 and 1980; Jansen et

al., 1980 b). The solution 1s based on an 1iterative procedure. In zeroth
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order, the linear relation between the current and the voltage is described
for a point-contact geometry in the high Knudsen number limit, resulting
in tiae energy-independent Sharvin resistance. In next order, energy-depen-
dent corrections are added to the current leading to the observed non-
linear behaviour of the point contacts. In our discussion, we will genera-
lize the solution of the problem, originally proposed by Kulik et al.
(1977), in such a way that the electrons can scatter with arbitrary tar-
gets, i.e. phonons, impurities, localized spins, etc. (Jansen et al.,

1980 b). To avoid divergent terms in second order, van Gelder (1978 and
1980) has introduced a damping along the trajectory of the electrons. This
approach gives in first order (i.e. for a contact with a large Knudsen
number) the same results as without damping, while in higher orders the
iterative procedure converges then apropriately.

First of all the problem has to be formulated in terms of the
Boltzmann equation for the distribution function of the electrons, and the
Poisson equation for the electric field, taking properly into account the
boundary conditions. These equations are then solved by iteration with res-
pect to the collision term in the Boltzmann equation, yielding solutions
in zeroth and first order. Because until now point-contact spectroscopy
is most successfully used for the experimental determination of the elec-
tron-phonon interaction in metals, the result will finely explicitly be
applied to phonons, as the scattering targets. In context with the damping
mechanism mentioned before, double collision processes will be treated as
an application for higher order iterations, It is possible to discuss other
interaction mechanisms which can be probed using point contacts within the
same theoretical frame-work. In our analysis, we restrict ourselves mainly
to a thermalized system of scatterers at a temperature T = 0, as most of
the experiments are performed at liquid helium temperatures. The influence
of the temperature, which in essence is only a thermal averaging can easily
be taken into account. With respect to the electron-phonon interaction a
careful analysis shows that the measured derivative dzl/dV2 is proportional
to a new electron-phonon interaction-function a2Fp, where the subscript p
indicates the difference with respect to the usual Eliashberg function azF
due to an efficiency factor, which depends on the angle between the momenta
of the electron before and after the collision., In the last part of this
paragraph the observed smooth background signal on which the azF—signal is

thought to be superimposed will be discussed. An explanation of the back-
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ground signal 1s given 1n terms of a non-equilibrium distribution of the
phonons, arising from the spontaneous emission-processes in the vicinity
of the contact. The analysis yields a saturating signal at high voltages.
In addation, phonon-drag effects and direct electron-electron scattering
can be associated with a structure at zero bias and, respectively, a signal
which 1s linear in the applied voltage.

Formally, to solve the point-contact problem, we have to determine the
current I through a point contact for an applied voltage V. The point-contact
geometry 1S represented by an open orifice in a otherwise, non-conducting
plane which separates two metallic half-spaces. The current I 1s given by
an integral of the z-component of the current density ]Z(E) over the area
of the orifice(conveniently placed in the z=0 plane):

I = [/ dxdy Jz(x,y,O) (4.1)

orifice

with the current density per unit volume given by

1) =2e 2y £ (x) . (4.2)

|= ™

Zk 1s the band velocity of an electron with a wave vector 5, and fk(£) the
distribution function of an electron at the position r. Once the function
fk(E) 1s known, the current can ke calculated, and fk(E) can be obtained

b§-solv1ng the Boltzmann equation

£ o(x) = = (4.3)
coll.

with the drift terms on the left-hand side of this equation and the scat-
tering term on the right-hand side. The electric field E in the Boltzmann

equation must be obtalined from Poisson's equation

- A¢(x) =eV .E-= -(2e/eo) £ (x) , (4.4)

E
k

}_( —_

where A 1s the Laplacian operator applied to the electrostatic potential

energy ¢(r) and € the dielectric constant of the vacuum. As the Thomas-

Fermi screening length is small (< 1 A) for a metal, the Poisson equatlon

reduces to the condition of charge neutrality

]

2e E [ f£(£) - fo(ek) ] 0 (4.5)

= (e, 1) /kpT
inside a metal, where fo(ek) = 1/(e -1) 1s the usual Fermi-Derac

distribution function in equilibrium (u 1s the chemical potential).
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Equations (4.3) and (4.5) have to be solved with the boundary conditions

¢ (z >+ @) =+ ev/2

fi (222 =) = £ (e) , (4.6)

becausc a voltage V is applied over the contact and the distribution has to
be in cquilibrium and equal to the Fermi function far from the orifice.

The collision term for the gain and loss contribution to an electron state
with wave vector k can be written as

Bfk (r)

—r =z [P, KE L (1) - T(E,E')EE(I—f ). (4.

coll. k' = k'

According to the general principles of statistical mechanics, the transition
rate I'(k',k) between an initial state |k' i > and a final state |k f > is

given by

vt _ - 2
P(k',k) = ﬁ—ii P, (e, - e, - (g g )) <k £[Ulk’ 1 >[7 (4.8)

Pi is the probability for the system to be in the state i, and s and ¢
are the initial and final energies of the target. The squared matrix-ele-
ment contains the interaction U between the scattered electron and the
target. Arbitrary scattering mechanisms can be chosen for the targets; the
most important one is obviously the electron-phonon interaction.

Given the basic formulas for the solution of the problem, the Boltzmann
equation (4.3) will be solved, using the charge neutrality condition (4.5)
by an iteration with respect to the collision term taking into account the
boundary conditions (i.e. an electron is specularly or diffusely reflected
at the boundaries of the system). In a schematic way the successive contri-
butions to the current from these iterations are shown in figure 5. Figure
Sa gives the zeroth order field-emission current according to Sharvin's
picture (1965). Figures 5b and 5c¢ show the non-linear corrections to the
Sharvin current for backflow processes, involving single and double col-

lisions with a target respectively.
4,2 Solution in zeroth order: Sharvin current

For the solution of the Boltzmann equation it is convenient to intro-
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Fig. 5 Schematic view of the successive iterative contributions to the
current through a point contact: zeroth order Sharvin current (a),
first order single collision backflow (b) and second order double

collision backflow (c).

duce a local potential wk(E) 1n the expression for the distribution function
fk(E), defined through -

fk(g) = f

o (B = @) (4.9)

where fo 1s the Fermi function. With a first order Taylor expansion of the
distribution function with respect to this local potential ¢k(£) the cur-

rent density 1n equation (4.2) becomes
dF
v,

I v, (r)
x k= 'k oe,

]z(£) = - 2e ) . (4.10)

In the limit of low temperatures this expression reduces to

JZ(E) = 2e Vg wk(g) >yt (4.11)

<

il

where we have used the definition Z....G(Ek-m)
k
over the Fermi-sphere. The distribution function on the left side of the

"">m for a summation

Boltzmann equation (4.3) can also be expanded in a Taylor series, at which

procedure only first order terms in the field are kept, and one gets

22



Bfk(£)

_ at coll _
Y o T W (D) - e By = T (4.12)
Bbk

Using Chamber's method of trajectories, we 1ntegrate equation (4.12) along
the path (variable s) of an electron. Introducing n = !k/lvk[, where n 1s

parallel to the path s, eqguation (4.12) can be written as

e FzK)
~— - e E.n= - . (4.13)
ds vkl

Integration from s = -« (far from the orifice) to s=0 (position r) yields

an expression for the local potential wk(£)

0
b = -4 - ts == ] -7 L rrp. (4.14)

- v

k
The potential ¢(s= -») 1s given by the boundary condition for the starting

point of the electron

¢(s = -») = p(zx, glf_) ev/2 , (4.15)
where P(Efyk) = + 1, depending on wether the starting point 1is at the high
(p =+ 1) or low (p = -1) potential side of the contact. The potential ¢(x)

has to be found from the charge neutrality condition (4.5), which can be

written as follows
<WE (x) >o =0 . (4.16)
Combining equations (4.14) and (4.16), we find for the potential energy
1
9(x) =5 [<¢(s=-=) > - <G(r,k) > ], (4.17)

o
- ? ds

where G(E'E) F(E'E)' It should be noted that ¢(£) 1S an even

== vl
function in the velocity Yk and that therefore the potential ¢(r) doesn't
give a contribution to the current density of equation (4.11). The electro-
static potential ¢(r) determines the bottom of the conduction band, and
plays no direct role in the electronic transport.

Starting with F = G = 0, 1t 1s possible to get an 1terative solution
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of the Boltzmann equation, where the collision term 1s used to produce the
higher order iterations. In zeroth order (i.e. F = G = 0), one finds the
field-emassion current as discussed by Sharvan (1965). The potential energy
1n this zeroth order is then given by

(

o) _ - e
() =< d(s = - (VAL TSR (4.18)

Introducing Y(r) as the solid angle at which the orifice 1s seen from

the position r, we obtain

Y (x)
27

© () -+ L1 -

] (4.19)

with the + or - sign for the two sides of the contact. In particular, we
have on the z-axis

©) (xey=0,2) = + z_v - .

Z +a

¢ (4.20)

This function has been drawn to indicate the bottom of the conduction band

(o)
k

in figure 6. Again in zeroth order, the local potential y (r) 1s equal to

E¢

|

din
a;L;;:;Lmumuau/”dﬂ“ﬁ“ﬂﬂ“ﬂ“ﬂ“““

elac o1a ¢ poen o Enegy

T L ) — L | L | L
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Fig. 6 The conduction band of the electrons for T *+ 0 near a contact
with radius a. The applied voltage over the contact yields the
sketched Fermi levels EF and the electrostatic potential energy

¢(r) for r along the z-axis.



(o) (o)

U (E) == 0T (x) + g(s = =), (4.21)
leading to a zeroth-order distribution function f;O)(E) = fo(ek - WQO)(I))

(o)
k

for the elctrons. This £ (r) 1s indicated for different positions r in

figure 7.

Fig. 7 The electronic distribution of the electrons in zeroth order
according to the Sharvin picture at the orifice (a) and at
positions near the orifice (b). The inelastic scattering proces-
ses, where the velocity directions of the electrons change from

k to k', give a negative correction to the current.

Using expression, (4.:1), the current through the orifice from equations
(4.1) and (4.11) becomes

I(o) = e2 VD« ]v

. | >, (4.22)

(=]

where D 1s the area of the orifice, Evaluating expression (4.22) for a
quadratic dispersion relation for the electrons yields the expression for

the Sharvin resistance, already given in the previous chapter for 4 circular
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orifice

(4.23)

pL 1s a material constant and 1s given by g = nvF/n0 e2 for a Drude model.
RS 1s energy independent and indicates an ohmic behaviour.

In the evaluation of expression (4.22) selt-energy effects have been
neglected. If the electronic density of states 1s not constant within an
energy shell eV around the Fermi enerqgy, the current I(O) through the point
contact becomes voltage dependent (non-ohmic behaviour). Self-energy ef-
fects, arising 1.e. from the electron-phonon interaction, can lead to a
non-linear current-voltage characteristic for a point-contact (Omelyanchuk
et al., 1977). By introducing an effective mass m*{(e) = m(1 + A(c)), a
quadratic dispersion relation for tne energy € = h2k2/2m*(e) of an electron
can be defined. The renormalisation parameter X(e), arising {from the elec-
tron-phonon interaction, has been discussed in detail by Grimvall (1976);

A 1s connected with the Eliashberg function a2F through A = A(o) =
2 [ dw azF(m)/w.

Taking i1into account this type of self-energy effects, the current in

zeroth order takes the form

eV
10 s oax kP vk’\:fdkkz(%)’\' Jae e, (4.24)

0
2
where Eo =h k2/2m 1s the electron energy without self-energy corrections.
Comparing the expressions for ¢ and eo, we have (deo/de) = (m*/m)e'
Differentiating expression (4.24) twice gives now tne contribution to the
second derivative signal due to a change in the electronic density of states

because of the electron-phonon interaction:

2 de
drR d o e . m*

—_— —_— = — —_— = —_—— _— . .2
av R (da ) E (m ) (4.25)

1
° av? Ep eV F ev

A quantitative estimate of the non-linearity according to equation (4.25)

1, which 1s only a few percent of the usually observed

gives a value ~ 0.2 v
non-linearity 1in point-contact spectroscopy due to electron-phonon scat-
tering. Therefore, we neglect self-energy effects and assume the density of

states of the electrons to be constant near the Fermi energy.



4.3 Solution 1n first order: backflow current

The first order corrections for the current through a point contact
are negative. This 1s due to the fact that the 1njected electrons can flow
back through the orifice after an inelastic scattering with a target. This
collision gives rise to an energy-dependent contribution to the current.
For 1sotropic scattering processes, the all important result i1s found that
the change 1n the resistance of a point contact 1s proportional to the
energy-dependent scattering rate of the electrons.

The first order terns of the electrostatic potential ¢(1)(r) and the

local potential w;l)

(r) are obtained by using equations (4.4) and (4.17)

(0, _ _ (1, (0)
b =- ¢ (x) G () (4.26)

(1) (0)
- <G ) > / <> (4.27)

S
R
"

Here, 1n the spirit of the iterative procedure, the function G(O)

calculated using the zeroth order distribution function féo): -
G(O)(r) =G { fF (g, - w(o)(r)) } . Again, as 1in the zeroth order case,
£ af LTI

[} (r) will not glve_a contribution to the current because the potential

(r) 1s

¢(£) 1s an even function of the electron velocity. It turns out that it 1s
not necessary to calculate the electro-static potential explicitly as we
could also have defined the local potential by fk(E) = fo(ek + ¢(£) - wk(E))’
with the boundary condition wk(z + ®°) =+ eV/2, 1n order to get the same

results without an explicit eipre551on for ¢(£). Using equations (4.1) and
(1)

(4.2), the correction I (backflow current) to the total current is
given by
(1) kz
I =2e [f dxdy L T——T
orifice E ]Vk
0 (o) (o) (o) (o)
X S ds & [T(k',k)E (1 - £ )y - Tk,k")f (1-£,7)1.
- '=""k' k == k k
—o k! z 2 s s
(4.28)

The path s 1s a straight trajectory parallel to Yk ending at the orifice

(s = 0). In faigure 8 we have drawn some 1llustrative pathes, starting at
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Fig. 8 Trajectories of the electrons starting far from the left (a) or
right (b) side of the orifice and ending at the orifice (s=0).
The pathlengthes in the shaded area of the figures contribute
to the signal for inelastic scattering of the electrons from

k' to k.

the left side (figure B8a) and at the right side (figure 8b) of the orifice.

Only the pathlengthes which lie in the shaded area of the figure can con-

tribute to the current. For both situations, the correction to the current

1s negative. It 1s now readily shown Ehat the spatial integrations reduce

to a weightfactor K(k,k') = S J dxdy kz [ ds which is the common volume
v

of two cylinders constructed with the boundary line of the orifice and whose
walls are parallel to o and Vier -

In figure 9 we show the inelastic scattering of an electron in the
state k' to the state k in energy space near the Fermi surface for the
temperature T + 0. In this low temperature limit, the surmation over E and

k' can be written as

eV eV eV El
I ...= [de, [ de , <<...> > = [ de, f de, <<...> > .
k k' o K e, k *k fx o l'o ? €1 %2
(4.29)

28



Er
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Fig. 9 Single collision backflow process 1n energy space, where a phonon

with energy (Ek, - sk) 1s emitted spontaneously.

Using these results for the energy and spatial integrations, the backflow

current reduces to

(1) eV El
I = -2 Jae J e, <«<Tlk') K kKkD> > . (4.30)
0 0 1 E2

The 1nfluence of the backflow current on the resistance of a point
contact can now be evaluated. For small changes in the resistance (small
compared with the resistance at zero voltage), the resistance change AR
will be given by

2 dI(1)

AR = R e

S ETEVT . (4.31)

For 1sotropic scattering we obtain

2 2 eV
AR = R 2e” <<K(k,k')> > S de T(eV,e) N(e) . (4.32)
o == °co
Here, N(e) = (1>e/<1>o 1s the normalized density of states. The relaxation

time time T for an electron with energy eV above the Fermi level 1s gaven

by
1 eV
— (evV) =L Ti(k,k") = <1> J de T(ev,e) N(g) (4.33)
T k' - - o )

which also defines the energy dependent relaxation rate T'(eV,e). Assuming
that the density of states 1s constant for energies eV << EF (N(eV) = 1),

the resistance change of a point contact at low temperatures 1s directly
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proportional to the scattering rate
<< K(k,k'")> >
== oo

AR = Rz 2¢? e . (4.34)

<1>
o]

Using <<K(E,E')>O>o/<1>§ = a3/3 and <l>o = mva/n2h3, the change in the
contact resistance given by expression (4.34) differsonly 3.6% from the
expression (3.6) for the resistance found by Wexler through an interpola-
tion between the Maxwell and Sharvin limit., The last equation shows the
grand result of point-contact spectroscopy. A direct determination of the
energy-dependent scattering rate of an electron 1s possible from the mea-
surement of the resistance of a point contact as a function of the applied
voltage. This result can obviously be applied to arbitrary targets (equa-

tions (4.8), (4.32) and (4.34)).
4.4 Application to the electron-phonon interaction

In this section, the theory of point-contact spectroscopy will be ex-
plicitly applied to the electron-phonon interaction, starting from the
general results of equations (4.28) and (4.30). A transport efficiency
function 1s found for the electron-phonon interaction as measured in point-
contact experiments, very similar to the well-known efficiency function
(1-cos0) 1in the dc-resistivity of bulk metals. Here, we will limit ourself
to a thermalized phonon system at a temperature T=0; the consequences of
non-equilibrium effects will be treated in the next section. It 1s neces-
sary to modify the solution of the point-contact problem slightly (van
Gelder, 1978 and 1980) by taking into account the damping of the excited
electrons in order to deal properly with multiple collision processes.

The collision term for the electron-phonon interaction in the Boltzmann

equation can be written as

f (r)
- ‘2-'"-. |2
h

b [ {£, ,(1-£)(N +1) - £ (1-f, ,)N_} 8(g, _,-€, -hw)
coll. X' k k" a k k''q k

3t ]gkk' k

- - - —g, +h .
+ {fk,(1 fE)Nq fE(l fk,)(Nq+1)} 6(ek, ek+1w)]

(4.35)
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Here, 1s the matrix element for the electron-phonon interaction, and

Gkk'
fk and Nq the Fermi-Dirac and Bose-Einstein distribution respectively,
with the phonon wave number given by g = [E —k']. Using the collision
term 1n the expression (4.28), one gets for tne backflow current in the

limit T=0 (Nq=0)

) Ykz 0 . 2
1 =2e [/ dxdy I v fas =21 g,
orifice k vkl —co h k' kk
(o) (o) (o) (0)
x - —e. -hw) - - —e +h
[fE' (1 fE ) d(ck, € w) fE (1 fE' ) d(ek, et w)]
(4.36)
No 2
With L = é?’f de [ d"n (where n = yk/|vk|) the spatial integrations can be
k —-
wraitten as v
ke 0 2 1 2 2
[! dxdy Jds fan' = —[adr, [adr 1 J/ an' cos“p §(|e-¢'|-m)
v | 4T -1 =2
orifice k' - [x -r. |
orifice -1 =2

(4.37)

where ¥ and ¢' are the polar angles of k and k', respectively. The coor-
dinates El and £2 run over the orifice (see figure 10). Because of the
change 1n the variables of equation (4.37), the transitions during a scat-—

tering process are no longer restricted (1.e. v < 0), and therefore

kz 'k'z
the final result has to be multiplied by (%). For the spatial integration
one gets

f —_— = — 4.

/ d£1 J d£2 e 3 T O a , (4.38)
where T a2 1s equal to the area of the orifice, and ¢ = 1 1f the shape 1is
circular. Averaging over all possible crystalline directions with respect
to the orifice gives the transport efficiency function n, depending on the

2
scattering angle 0 = O(EIB') 1n such a way that n(0) = < cos’y G(lw«p'l-w);v.

Realizing that [ a’n i an' n / aaf dB sina sinB = 'S a0 sind (1-9/tg0)
o+P=0<T 0

(see figure 10), one obtains the normalized efficieny function (van Gelder,
1980)

&)

nee) =% (1 - Eaﬁ

) . (4.39)
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Fig. 10 Integration variables used for the evaluation of the backflow
current (see text). If n and n' varie in a fixed plane, one has
2
S d™n [ d2n' A [ daf dB sina sinB = 'S d8 sin@ (1-6/tgh).
a+f O<m 0

The backflow current can now be written as

em v ev €
(1) 4 F 3 1. 2
I = — a~ [ de J de, o'F _(e.) , (4.40)
3T h4 0 1 0 2 p 2

2

m v

where we have used No = <1> = I and the expression for the electron-
T h

phonon interaction function o Fp(e) for the point contact situation

N

asz(e) = -2 ) f a°n f &a lgnn.[2 nB(n,n")} G(E—hwnn,) . (4.41)
32w

In the usual transport theory for the dc-resistivity of bulk metals, one
has a similar expression for the electron-phonon interaction with the well
known transport-efficiency function (1 - cose(g,g'))
2 No 2 2 2
o°F, (€) = —— f d°n f d°n' |g_,|° (1-cosB(n,n")) S(e~-hw ,) . (4.42)
tr 2 nn == nn
32m
2 2
Measurements of the second derivative 4 I/dV"- for a metallic point

contact yield a direct determination of the function azF
P
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2 emyv
a1 4 F
— ( —_— a3 a2F (eV) . (4.43)
dv P

For the logarithmic derivative of the resistance we obtain for R Vv R
[}

%3—5=%2€a2FP(eV) . (4.44)

It 1s of some interest to study the qualitative difference between
the behaviour of the functions u2F {(no efficiency), azrtr efficiency (1l-cosf))
and a2FP (efficiency n(8)) at low frequencies, where the wave vector q of a
phonon can be taken as proportional to the frequency w, for normal and
umklapp scattering. For the analysis, we consider a metal with a minimal
separation between the spheres in a repeated zone scheme equal to the wave
vector qo.zFor the usual normal processes, the different parameters in the
function o F have the following low-frequency dependence: angular integra-
tions [ d2n J dzn' N~ f ogdg v w2, squared matrix element |g |2 v g v, and
the efficiency functions (1- cos9) ~ q2 " wz and n(0) ~ qzq% wz. Therefore,
in the case of normal processes no difference 1s expected between athr and
asz 1n the low-frequency behaviour. For umklapp scattering however, the
angular integrations yield [ d2n I d2n' v f(q—qo) qdg ™ S qqu 3 w3; q,
1s the minimal wave vector for the occurrence of an umklapp process. For
wave vectors above the minimal value qo, the transport efficiencies behave

K v w—k. In table I we

differently: (l-cos8) Vv const., and %(1 - 8/tgf) ~ q
have summarized the obtained results for the low-frequency behaviour of the

2
functions azF, azF and o F .
tr p

Table I: Low frequency behaviour of the electron-phonon interaction para-
2
meters a2F, athr and o' F_, which differ in the transport effi-

ciency, for metals with a spherical Fermi surface.

C!2F (X.ZF (!21-"
tr P
transport efficiency - (1-cosH) 5(1-8/tg0)
2 4 4
normal processes w w w
3 3 5/2
umklapp processes w w w
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In a careful analysis of the theory of the point-contact problem van
Gelder (1978 and 1980) has found that the simple solutions given in Lne
preceding section lead to divergencies 1f the next order approximation, 1.e.
multiple phonon processes (figure 5c) are considered. It 1s possiple to
overcome these divergence problems by taking into account a damping of the
excited electrons along their trajectories. The zeroth order solution of
the electron distribution (given in figure 7) is now exponentially damped
along the path s of the electron, starting from the orifice, such that
f(o) = fo(Lk - wk(g)) e_s/l, where s 1s the path length of the electron as
measared from the orifice and £ the average mean frec path along the tra-
Jectory. In zeroth order this damped solution gives exactly the Sharvin
current, because the damping 1s symmetric with respect to the orifice at
the (z=0)-plane. In first order a damping factor has to be added to the
expression for the signal as given by equation (4.44). For point contacts
with large Knudsen numbers (K = ¢/a >> 1), the damping can be neglected
because 1n the calculations of the backflow current the exponential factor
e_s/l 1s close to one (s v a). For doable collision backflow processes the
solution of the problem 1s no longer divergent, and van Gelder (1978) has
found the relevant gecmetrical factor for the backflow current to be of
the order of a4 1n(a/%). The relative strength of the double-phonon signal
compared to single-phonon collisions 1s reduced by a factor K=%/a in the

limit of large Knudsen numbers K >> 1. In figure 11 we have drawn the

double phonon process 1n energy-space, resulting in a backflow current

phonons
L aVaV

Tt 7]

Fig. 11 Double collision backflow process 1n energy space, where two

TIE777 /7777777777

phonons with energy (61-62) and (52—83) are emitted spontaneously.
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(2) ev ev ev 2 5
I =a f a, S de, [ de, aF(e -e,)) o'F(e,-€)) (4.45)
6 3 2 1 172 273
€3 €2

4
where A v O(a” 1n(a/%)) 1s the geometrical factor. For the second derivative

one finds

2_(2) eV
a1 N[ de azF(a) azF(ev—e) (4.46)
dav 0

This result yields a contribution to the signal at twice the relevant

phonon frequencies.
4.5 Background signal

Although no equilibrium-phonons should be present for energies above
the Debije energy th, the measured signal of the point-contact spectrum
does not reduce to zero for high applied voltages (eV > hmD). The signal
which can be related to the electron-phonon interaction a2F and has been
discussed 1n the previous sections, 1s thought to be superlﬁposed on a
smooth background signal. The experiments show that this background signal
seems to saturate at a constant level above the Debije energy. It should be
noted that the multiple phonon collisions, discussed 1in section 4.4 (see
equation 4.46), give rise to a signal for energies eV above the Debaje
frequency. However, 1t was shown theoretically and experimentally (van
Gelder et al., 1978) that these processes lead to small signals and can
certainly not explain the observed background entirely. Very recently
(van Gelder et al., 1978 and van Gelder, 1980) a detailed explanation for
the background signal was given by taking into account the non-equilibrium
distraibution of the phonon system. The phonon-emission processes of the
1njected electrons yield a non-thermalized phonon system near the orifice
leading to additional backflow currents arising from stimulated emission
and absorption of phonons. The problem 1s now to determine the non-therma-
lized dastraibution of the phonons which has to be included in the equation
(4.40) leading to the signal. One finds as a result a background signal,
which saturates above the Debije energy. In addition, van Gelder (1980)
has also considered processes 1nvolving phonon drag effects as a possible

explanation of the observed signals at low voltages, and also direct elec-
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tron-electron scattering which gives a signal linear in the applied
voltage.

For a determination of the phonon distribution we have to consider
the transport equation for the phonons resulting from the electronic dis-
tribution given in figure 7 which allows spontaneous emission of phonons.
Thls transport equation 1s obtained by equalizing the drift and collision
term in the Boltzmann equation for the phonons. As usual, the collision
term contains a gain and a loss term; the gain term originates from the
spontaneous emission of phonons during the decay of the accelerated elec-
trons near the contact, and the loss term describes the production of
electron-hole pairs by the phonons. Giving the explicit form of the col-
lision term, the transport equation of the phonons reads

N (r) oN _(r)
q9- 9-

c_ .
! BE ot coll.

(o]

= E—TL;E){ Y(r)[ 1-y ()] (ev-e) - € Nc_l(g)} (4.47)

Here g, Eq and € = huq are respectively the wave vector, velocity and ener-
gy of a phonon. lp(a) 1s the energy-dependent mean free path of a phonon,
and Y(r) the solid angle under which the orifice i1s seen from the point r.
The expression for the collision term can be understood in the following way.
The phase-space restrictions with respect to the energy for the gain and
loss term, are contained in the second factor between brackets on the right
of equation (4.47). For an electron-hole pair creation by a phonon (loss
term), the energetic phase-space 1s equal to the energy € of the phonon,
and the rate for these processes 1s proportional to € Nq(E). For a spon-
taneous emission of a phonon (gain term), the productloﬁ rate 1s propor-
tional to the product of the phase-space (eV - £) and the geometrical
factor Y(E)[l - Y({)]; the kinematic constraints are contained in the first
factor on the right. The loss term 1s given i1n the relaxation time approxi-
mation by Ng(E)/Tp(E) = (cg/c lp(c)) € NQ(E).

By introducing the path variable s for the trajectory of a phonon with
a wave vector g, the phonon transport equation can be solved and leads to

the non-equilibrium phonon distribution function

0 -s/% (&)
Jds Y(s)[1 -y(s)] e P , (4.48)

eV-¢£ 1
N (r) = —_
- )
q e Rl
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where the path s starts far from the orifice (s=-®) and terminates at the
position r (s=0) near the orifice. Assuming that we are in the Knudsen
regime for the phonon mean frce path (Kp(c) = EP(E)/a >> 1) we can ignore
the damping term in the integral. For different directions of g the number

of phonons present at the orifice (r=0) can then be determined to be

eV-£ 1 (1/4) a for g l orifice

L
€ p(E)

Ng (@) = (4.49)

(r/8) a for q 1 orifice .

As an average over all g-directions, we take the numerical factor to be

0.32 = 1/2(1/4+7/8) for N(c,eV) = < Ng(O) >av' Using this non-equilibrium
distribution N(e,V), we find the contribution to the single collision back-
flow current by supplementing a factor (1 + N(¢,V)) to expression (4.40).

In figure 12 we have given the various diagrams 1n energy space for the dif-
ferent collisions which have to be taken into account. Figures 12a and 12b
1ndicate the spontaneous and stimulated emission and the stimulated absorp-
tion processes, and figures 12c and 12d give the excitation of an electron
by a phonon from below to above the Fermi level. Adding up these contribu-
tions, we obtain for the single collision backflow current, with non-equi-

brium phonons present

| x_c

VWT P77 -~ £ c | ceeccdd
2
1

phonon €2 eV ¢ €
- € e

e _ l L aval L XA

L 7/’

€2

©@ ® © @

Fig. 12 Diagrams 1n energy space for the various contributions to the
signal (including background). spontaneous and stimulated emis-
sion of a phonon (a), stimulated absorption process (b), exci-
tation of an electron from below to above the Fermi level by

a phonon (c and 4d).
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(1) ev ! 2
I = - const [ [ de JSde, oF (e ){1 + 2N(r_, W)} +
1 2 % Fpt2 2
0 0
eV eV
+ 2 fde, [ de azF (£.) N(g,, V) ] (4.50)
o 1 L2 p'2 2° . .

1
Differentiating twice on gets an expression for the logarithmic voltage
derivative of the resistance

eV azF (&)

1drR _ 16 e a 2 p p 5
RaV ™ 3 v, [ a'F (ev) + ! de — =G, (e) + aF_(£)G,(c) ]

(4.51)

with G (€) = 1.28 K;1(E) and ¢, (€) = 0.64 K;I(e). As 1t can be seen from
equation (4.51), the signal R av saturates to a constant level for applied
voltages above the Debije energy. Furthermore, the ratio of the background
(second and third term) to signal (first term) 1s of the order a in R;%.

The solution of the Boltzmann equation for phonons leading to equation
(4.50) holds for a random generation of phonons with no kinematic constraints,
1.e. no explicit g-dependence 1n Nq' If kinematic constraints are taken into
account the expression (4.51) for the signal formally still holds, but the
functions Gl(e) and GZ(E) contain a weighted g-dependence. An explicit so-
lution of this problem 1s rather complicated. An excess backflow of holes
would lead to a negative signal 1n the second-derivative spectra, which 1is
sometimes observed experaimentally around zero voltage. In addition, at low
frequencies, where normal scattering prevalls, the phonon generation can
be peaked 1n the forward direction, and therefore phonon-drag effects
would yield to a backflow of holes through the orifice, for higher frequen-
cles umklapp scattering randomizes the phonon generation and phonon drag
15 less probable. This, too, would explain the negative signals observed
1n certain point contacts around zero voltage.

Direct electron-electron interaction, where the collision of two
electrons creates an electron-hole, gives a contribution to the signal
%-g% which 1s linear in the applied voltage as the scattering rate for
electron-electron scattering 1s quadratic in energy. However, 1f energy
and momentum conservation 1S taken into account this contribution to the
signal vanishes. Only 1f momentum conservation 1s broken up (for instance

by impurities), 1t 1s possible to have random directions of the electrons,

and electron-electron collasions could contribute a linear term to the signal.
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5 Experimental techniques

5.1 Point-contact Ffabraication

Two types of point contacts have been investigated in the past, namely
shorted-thin-film and pressure-type point contacts. The pioneering first
point-contact experiments were performed by Yanson (1974a), using tunnel-
junction geometries. Using conventional evaporation techniques, a sandwich
of two films of the metal of interest, separated by an oxide layer (fiqure

13), 1s produced. Accidentally or intentionally a point contact 1s produced

metal film
dielectric layer
metal tilm
72 J substrate
r —y

7 ///// / i /?é% S

Fig. 13 Schematic view of a metal-insulator-metal tunnel junction with

a short circuit between the two metal films

1n the oxide layer by an electric break-down tnus connecting the two mretal
filwms by a metallic short-circuit. In later experiments (Yanson and Shalov,
1976), a sharply-pointed steel needle was pressed onto the surface of the
junction, providing a crack in the dielectric layer and so forming a contact.

Pressure-type contacts are much simpler to control, they have been
used for the first time for point-contact spectroscopy by Jansen et al.
(1976). A sharply etched metal wire ("spear") 1s carefully pressed agalnst
a flat metal surface ("anvil") to form the contact. The spear 1s fabricated
by electrolytically etching a wire (50-100 um @) to a tip with a curvature
radius of v 1 pym, as 1s well known from whisker technology (Dozier and
Rodgers, 1964). Togetner with the chemically cleaned anvil tne spear 1s
then mounted in a system with a differential screw-mechanism which allows
to adjust a contact while immersed in liquid helium (see figure 14). The
total pitch of the differential screw 1s of the order of & 20 um. In order
to increase mechanical stability, often a spring 1s bended into the wire

forming the spear.
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Fig. 14 Schematic view of a

pressure-type point con-

=

N 44— —— adetaent tact. By means of a dif-
E ferential screw mechanism

‘/A?:i the spear can be moved
2T /“ﬂaﬂm“mm' towards the anvil 1in order
L 5 /

to adjust a contact.

|/

/

Ll __apnar andanvl part
of |he point contact

Pressure-type polint contacts allow the investigation of a large variety
of samples, i1ncluding studies of anisotropies on single crystals. It as
possible to obtain stable spear-anvil contacts with resistance values up
to Vv 50 Q. Thin film structures have the advantage of higher mechanical
stability with usable contacts of up to v 500 Q. This lamit 1s given by the
fact that the contact diameter, calculated with expression (3.5), becomes
comparable to the de Broglie wavelength (Vv 5 A), where a quantum-mechanical

approach of the problem 1s necessary.
5.2 Electronics for recording derivatives

The technique for recording derivatives (dV/dI and d2V/d12) 1n point-
contact spectroscopy 1s the same as 1n experiments with superconducting
tunnel junctions (McMillan and Rowell, 1969) which makes use of modulation
methods. On top of the bias current, which 1s swept in order to vary the
applied voltage, a small ac-current 1s superimposed. The ac-voltage over

the contact 1s measured by phase-sensitive detection at the fundamental
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frequency (1f-mode) and at twice the fundamental frequency (2f-mode) of the
modulator to obtain signals which are proportional to the first and second
current-derivative of the voltage. As the change in the resistance of the
point contacts 1s usually only a few percent over the whole investigated
voltage range, a bridge circuit can be used for the ac-signal to compen-
sate the differential resistance i1n such a way that only changes of the
resistance will be seen by the lock-in amplifiers. In figure 15 a typical

block diagram 1s given for the bridge circuit, with current supply's and

AC cyrrent
Rp>> Ry Reontact

L

LHe dewar
4 \, 0C curreat
| Ilcnnlm supply
LN N
L) Eﬂh
l bridge —
l output I ¥
|’_ ] fapplied oltagel L
1 Inn:lum"JI L
L « 4
r——I——1 nidhfnidh
Immplulm {
Lo
Tt frer |

Fig. 15a Block diagram for the phase-sensitive detection of first (dv/dI)
and second (d2V/d12) derivatives as a function of the applied
voltage for a point contact at liquid helium temperatures. In
the bridge circuit the point-contact resistance Rcontact 1s
balanced by Rx' The dashed parts 1in the block scheme are not

essential for the measuraing method.

amplifiers, as used 1n our laboratory (see also Adler and Jackson, 1966).
By setting the resistance Rx equal to the point-contact resistance, the
bridge 1s balanced for ac-signals. The output of the bridge goes to the

two lock-1n amplifiers to measure the first and second derivative simul-

taneously. To avoid subharmonic response at the phase-sensitive detector, a
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Fig. 15b Details of the main parts of the home-build electronic set-up
dc-current supply, ac-current modulator and bridge circuit. The
numbers refer to commercially avalilable operational amplifiers

(Analog Devices and Texas Instruments).

notch filter is used before the 2f-mode lock-in. In addition, a transformer
can give a better impedance match to the amplifiers. From the measured con-

tact-resistance Ro and the signal V in the l1f-mode, both measured at zero

10
bias-voltage, absolute values for the second derivative dzv/dI2 can be

obtained from the signal V., in the 2f-mode:

2
2
d2V 4 Ro
— ==V, 5 - (5.1)
dI V2 vio

In addition to the intrinsic line width of the spectra, the resolution

in the experiment will be determined by the amplitude of the applied ac-
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voltage V and the bath temperature T. For an ac-voltage with an effective

10

10’ 10
1973). As will be discussed in paragraph 7, the thermal broadening in metal-

value V the 1nstrumental linewidth 1s given by 1.72 V (Klein et al.,
metal point-contact spectroscopy 1s the same as 1n tunneling experiments
with normal-metal films where Lambe and Jaklevic (1968) have shown that

the thermal linewidth i1s equal to 5.4 kBT. Therefore, the temperature of a
pumped helium bath (T = 1.5K) yields a linewidth equal to 700 pv. This value

gives an 1ndication for the modulation voltage to be used which 1s acceptable

without averaging the relevant signal instrumentally.
6 Experimental results

In this paragraph we will discuss the experimentally obtained point-
contact spectra. The first part treats the observed structure in the mea-
sured second-derivative spectra which, according to the expressions (4.43)
and (4.44), can be related directly to the electron-phonon interaction
function a2Fp. The point-contact method has been applied to both supercon-
ducting and normal metals. Therefore, 1t 1s of considerable interest to
compare azFP, as obtained from point-contact spectroscopy while the metal 1s
in the normal state, with azF, as obtained from superconducting tunneling
spectroscopy using the Rowell-McMillan inversion scheme. Obviously, point-
contact spectra of normal metals, which do not become superconductors, are
particularly important as they give for the first time detailed experimental
1nformation about the energy dependent function a2F 1n normal metals, almost
1naccessible otherwise. The experimentally determined point-contact spectra
will be compared with neutron-scattering experiments, which measure the
phonon density of states F(w). If theoretical band structure calculation
of azF are available, they too can be checked against the point-contact
spectra. The all important mass-enhancement parameter X, characterizing
the electron-phonon interaction for a given metal, can be extracted in a
straight-forward way from the point-contact data and will be compared with
values deduced from other methods or theories. In the second part of this
paragraph, the experimentally observed smooth background signal will be
studied in some detail. In particular, a phenomenological analysis to sepa-
rate the azF—SLgnal from this background will be given .

Figure 16 gives an example of a measured spectrum of a Pb micro-contact

1n the normal state as performed by Yanson (1974a) in his all important
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Fig. 16 Measured dR/dV point-contact spectrum of a lead mcro-contact in
a tunnel junction (after Yanson, 1974a). Resistance Ro = 314 Q;
temperature T = 2.0 K. The phonon density of states F(w)
(Stedman et al., 1967) and the Eliashberg function a2F(m) (Rowell
et al., 1973) are shown in the bottom part. The dashed line in the
top part 1s the thermal average of the function azF(w) due to

the bath temperature T = 2,0 K.

ploneering work, using the shorted-thin-film technique where the current-
voltage characteristics of metallic micro-contacts in the oxide layer of a
tunnel junction are studied. The usual voltage derivative of the resistance
has been plotted as a function of the voltage applied over the point contact.
The transverse and longitudinal phonon peaks are clearly visible at respec-
tively 5 and 8.5 mV. In the bottom part of figure 16 we have drawn for a
comparison the phonon density of states F(w) (Stedman et al., 1967) and

the Eliashberg function azF(w) as obtained from superconducting tunneling
spectroscopy (Rowell et al., 1973). This azF-functlon has been repeated in
the top part of figure 16 again, after averaging with a thermal weight func-
tion with line width 5.4 kBT (see paragraph 7) 1in order to make possible a

direct comparison with the point-contact spectrum. Note that above the Debije
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energy a small background signal can be observed. The point-contact spectrum
1s very similar to the smeared Eliashberg function. Small differences are
probably due to the transport efficiency function N(6) in the u2F -signal
which 1s most effective at low frequencies. Using short-circuits En tunnel
junctions, the electron-phonon interaction has also been measured in other
superconductors, like Sn (Yanson, 1974a) and In (Yanson, 1974b) and has

been compared successfully with tunneling spectroscopy.

The use of pressure-type point contacts (Jansen et al., 1976) in-
creased the applicability of the spectroscopic method to a large variety
of samples, i1ncluding single crystals. In figure 17 we have shown the
measured second-derivatives d2V/dI2 of spear-anvil contacts of the noble
metals Cu, Ag and Au (Jansen et al., 1977). In the same figure are also
plotted the corresponding phonen densities of states F(w) obtained from
inelastic neutron scattering (Lynn et al., 1973). Similar results for the
noble metals were obtained by electric breakdown of the metal-oxide-metal
geometry (Yanson and Shalov, 1976; Shalov and Yanson, 1977). All these mea-
sured curves show that for the noble metals the electrons are less strongly
coupled to the longitudinal phonons than to the transverse phonons. Das
(1973) has shown 1n a theoretical analysis that the d-band character of the
noble metals 1s important for the electron-phonon interaction. Taking into
account the hybridization of the s- and d-band electrons the matrix element
for the electron-phonon interaction 1s calculated and i1t 1s found that the
electrons are strongly coupled to the transverse phonons via umklapp scat-
tering. As 1s shown by the singularity for 6=7T in the efficiency function
n(d), urmklapp scattering 1s particularly important in the point-contact
spectra leading to azF . This 1dea was confirmed in experiments with real
d-metals. In the point-contact spectra of Fe, Co and Ni (Verkin et al.,

1979) 1t can also be seen that the transverse phonons couple stronger

with the electrons than the longitudinal phonons do (see paragraph 8). In

the case of 2n and Cd point contacts, consisting of film structures, however
no strong energy dependence was observed in the coupling between the electrons
and the phonons (Yanson, 1977).

As there exist detailed calculations for the electron-phonon interaction
based on pseudo-potential theory for the alkali metals, point-contact spectra
of these metals are particularly significant. Experiments of K, Na and Li
have been performed at low temperatures (Jansen et al., 1980a). In figure 18

we have plotted the point-contact spectra for K and Na, and in figure 19 for
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Fig. 17 Measured dzv/dI2 spectra of point contacts of the noble metals.
Copper contact (a) with resistance R0 = 3.3  and at temperature
16.3 Q and at T = 1.2 K;

T = 1.5 K; silver contact (b) with R°
gold contact (c¢) with Ro = 3,3 R and at T = 1.2 K. The broken
curves give the phonon densities of states F(w) obtained from

neutron-scattering experiments (Lynn et al., 1973).

Li. In the same figures the phonon densities of states F(w), obtained from
neutron-scattering experiments are also given. (Cowley et al., 1966; Gilat
and Raubenheimer, 1968; Smith et al., 1968). The measured spectra for K
and Na look very similar, As expected for metals where normal scatteraing 1is

important, we observe a stronger coupling for the longitudinal phonons than
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Fig. 18 Measured dzv/dI2 spectra for point contacts of potassium (left)
and sodium (right). K point contact with resistance Ro = 2.9 Q
and at temperature T = 1.2 K; Na point contact with Ro =1.1Q
and at T = 1.5 K. The dashed curves are the theoretically obtained
a2F-functlons (Carbotte and Dynes, 1968). The bottom figures give
the phonon density of states from neutron-scattering experiments

(Cowley et al., 1966; Gilat and Raubenheimer, 1968).

for the transverse ones. However, for Li 1t 1s again seen that the coupling
with the transverse phonons 1s stronger, just as in the case of the noble
metals. It has been pointed out 1in the literature (Danino et al., 1978) that
the L1 metal reveals non-alkali behaviour with much more umklapp scattering
than the otner alkali metals and thas could explain the stronger coupling
with the transverse phonons. In the figures for the alkali metals, we have
also given the theoretically calculated functions azF(w) (Carbotte and
Dynes, 1968; Hayman and Carbotte, 1971). The theory i1s confirmed in a remar-
kable way by the point-contact experiments. It should be noted that Na and
L1 have a martensitic phase transition (for Na at 40 K and for Li at 80 K)

wnich could give a slight difference 1in the spectra measured at 1.5 K,
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compared with the bcc-structure of the alkali metals above the transition
temperature used for the theoretical calculations. Note the signal in the
spectrum of Na in figure 18 at twice the phonon frequencies, which is due
to double phonon processes as has been cobserved and explained for Au before
(van Gelder et al., 1978). In table II we have summarized the point-contact
experiments for the metals which have been investigated most extensively
for the determination of the electron-phonon interaction., In prainciple,
point-contact spectroscopy can be applied to every metal by means of a short
circuilt 1n a tunneljunction or a pressure contact i1n a spear-anvil geometry
as long as the dimensions of the contact are comparable with the mean free
path of the electrons. For instance, 1n our laboratory we have observed
phonon structure in the point-contact spectra of Al, W, Pd, Pt and Mg.

By pressing together two different metals, the behaviour of a dissi-
milar point contact can be investigated. It has been shown experimentally
for a Au-Cu junction (Jansen et al., 1977) that both parts of the contact
give a contribution to the signal for both negative and positive voltages.
As 13 obvious from figure 8, where 1t 1s 1llustrated that scattering pro-
cesses at both sides of the contact contribute to the current, the additi-
vity of the signals from the two metals 1s expected. An example of a sandwich

junction with a Au-Mg contact 1s given in figure 20,
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Table II

The electron-phonon interaction has been studied in the fol-
lowing metals by means of point contacts (short-circuit in a

tunnel junction or spear-anvil contact).

metal short~circuit pressure-type reference
Pb,Sn X Yanson, 1974a
In X Yanson, 1974b
Cu X Yanson and Shalov, 1976
Ag,Au x Shalov and Yanson, 1977
Cu,Ag,Au X Jansen et al., 1977
Zn, Ccd X Yanson, 1977
Fe,Co,N1 X Verkin et al., 1979
K,Na,L1 X Jansen et al., 1980a
N
a2v/d12 (VA ) “ Au-Mg
B0 ﬁ\
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Fig. 20 Measured dzv/dI2 spectrum of a dissimilar point contact of a

Au spear against a Mg anvil. Resistance RO = 9,9 Q and temperature
T = 1.5 K. The phonon densities of states for Au (short-dashed
curve) and for Mg (long-dashed curve) have been obtained from
neutron-scattering experiments (Lynn et al., 1973; Young and

Koppel, 1964).
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Pressure~type point contacts allow the investigation of single crystals
to look for anisotropy effects. Ooviously, care has to be taken that spear
and anvil have the same crystal direction at the pownt contact. Yanson and
Batrak (1978) have measured point-contact spectra for various orientations
of a Zn crystal, which due to 1ts hexagonal structure 1s expected to show
anisotropies. In figure 21 we show tne point-contact spectra for two dif-
ferent airections, where both, the spear and anvil, consisted of properly

aligned single crystals.

Fig. 21 Measured dzv/dI2 spectra for
d2v/dI2 [orbitrary units)

Zn point contacts along the

1k 2n [oooi] indicated crystalline direc-
10} tions (after Yanson and Batrak,
i 1978) to show anisotropy effects
S F

M in point-contact spectroscopy.
2F
O 1 N
ol zn [1120]
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The experimental curves show that the phonon structures at 8 and 14 mV have
a different strength for two perpendicular directions. This observation 1s
1n accordance with theoretical calculations of the anisotropy in the func-
tion a2F(m) for Zn (Truant and Carbotte, 1973). As expected, for a cubic
metal, such as Cu, the anisotropy effect 1s very small. It should be noted
that the anisotropy 1s smeared out duc to the cosine-dependence of tne in-
Jected Sharvin carrent through the contact (sz = 'vk! cosy) .

The preceeding discussion of the results of point-contact experiments
has been mainly qualitative in a sense that only the relative energy depen-—

dence of the electron-phonon interaction has been discussed, and not 1its
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absolute strength. However, using the expressions (4.23) and (4.44) and the
measured values of the resistance Ro and the second derivative dzv/dI2 =
R (dR/3QV) of the contact investigated, the function asz can be determined
1n an absolute way. It 1s hence possible to get directly the mass-enhance-
ment parameter A = 7 dw azF(w)/w, which renormalizes the mass of an elec-
tron for the lnteractgons with the phonon system (m* = m(1 + 1)), from mea-
sured point contact spectra. Van Gelder (1980) has shown that the functions
azF, a2F and a2Ftr yield the same values for XA, 1f the squared matrix ele-
ment |gn,n|2 1n the expressions (4.41) and (4.42) can be assumed to be pro-
portional to the phonon frequency w. Because this sum-rule argument for the
various azF—functlons with their different transport-efficiencies, i1t 1s
possible to compare the renormalization parameter A, obtained by means of
point-contact experiments with values obtained by other methods. Grimvall
(1976) has given a careful literature survey of theoretically and experimen-
tally determined values for the parameter A. The theories involve pseudo-
potential calculations, and the experimental determinations make use of
tunneling spectroscopy and the McMillan equation (relation between TC and
A) for superconducting materials, or the electrical resistivity and the
electronic heat capacity in the limit of high temperatures.

In order to calculate the renormalization parameter A the azFP—part
1n the measured spectra has to be separated from the smooth background
signal. In figare 22 point-contact spectra of Au are given for several dif-
ferent contacts. As 1s clear from the figure, the background signal does
not have a uniform voltage dependence for all spectra. The spectra with
relatively the lowest background are practlcally constant above the Debije
energy, and therefore are more suitable for a separation 1in a azFP—51gnal
and a background signal. For this type of the spectra (relatively low
background) we assume that the signal (1/R)dR/dV can be written as a linear

combination of two functions A(V) and B(V)

B -paw +aqaBW, 6.1)

o=

where A(V) and B(V) represent the energy-dependent functions for respec-
tively the asz—51gnal and the background signal. p and q contain the energy-
independent factors according to equation (4.47) and contain the linear di-
mension a of the orifice in such a way that p * a and q « a2. According to

%

-2 -
the expression for the Sharvin resistance (R0 * a ) we have p « Ro and
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Fig. 22 Measured dzv/d12 spectra
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g« R;l. In figure 23 the measured signals at 17.5 mV (transverse phonon
peak) and at 35 mV (background) are plotted for different resistances of Cu
point contacts. The data are given on a double log-scale, and we expect res-
pectively a slope of (-%) and of (-1). To be consistent, the signals at the
transverse phonon peak have to be corrected for the smooth background signal;
using a linear interpolation for the background between low voltages and the
Debije voltage, one gets corrected signal values at 17.5 mV (shown as the
open circles in figure 23). It is possible to explain deviations from the
lines with slope (-%) and (-1) in figure 23 by introducing as additional
parameters a transfer probability t and the number m of possible parallel
contacts (van Gelder, 1978; van Gelder et al., 1978). The transfer probability
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Fig. 23 Measured signal values (1/R) dR/AV for different copper point
contacts at applied voltages 17.5 mV (transverse phonon peak)
and 35 mV (Deblje energy) as a function of the contact resistance
plotted on a double log-scale. From the data at 17.5 mV the
background signal has been subtracted (open circles) using a
linear interpolation for the background function. According to
theory, the straight lines with slope -% and -1 are expected for

respectively the bottom and top figure.

t accounts for oxides and impurities in the contact region which influence
the amount of particle transfer through the orifice, while m allows the
possibility that a point contact 1s formed by m parallel current paths. Here,
one can assume that the parallel contacts are roughly equal in size, because
for large variations in the contact sizes, only the largest contact would

be important. For a transfer probability t and a number of contacts m the
Sharvin current gets an extra factor tm, and the single collision backflow
current a factor t2m (a factor t for each passage). As the final result we

find p « R_Lz t% m—% and q R;l m_l. Therefore, due to an oxidized or dirty

[s]

contact (t < 1) or due to multiple contacts (m > 1), the signal values

always decrease, This confirms experimental observations, that the second-
2

derivative signal (related to « FP) of great many different point contacts

made with one and the same material always seem to have an upper limit which
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obeys the R; 2—law. The result in figure 23 shows that the spread in the
data for the background signal 1s larger than for the asz—51gnal. There-
fore, 1t may be possible that the Knudsen limit 1s not fully reached for
the phonon mean free path. This conclusion 1s supported by the fact that
often the background still increases above the Debije energy. Several pro-
cedures have been suggested in the literature in order to obtain the
a2Fp-51gnal from the measured second-derivative curve with background signal;
1t has been proposed ad hoc to subtract the background in the form of a
hyperbolic tangent (Jansen et al., 1977), to use the measured spectrum that
showed no phonon structure (Yanson, 1977) or to interpolate linearly be-
tween zero and the Debije voltage (Jansen et al., 1980a). Taking into ac-
count these considerations, and using the upper limit of the observed
signal values i1n the point-contact spectra, the mass-enhancement parameters
A has been estimated for several normal metals. These values for t are
given 1n table III, together with values from the literature as recommended

by Grimvall (1976). The agreement 1s rather good. As an amusing side-step,

@©

Table III Renormalization parameters A = J dw d2F(m)/w obtained from
point-contact experiments (Ap) and other methgds recommended by Graimvall
(1976) (XG). The critical temperatures Tc for superconductivity of the normal

metals are predicted by the McMillan equation using the Ap—values and W*=0.10.

metal Ap AG T (K) reference

Cu  0.15 + 0.02 0.14 + 0.03 a 107! see text

Ag 0.15 0.10 + 0.04 3 1071 Jansen et al., 1977
Au 0.16 0.14 + 0.05 a4 107? 1dem

cd 0.13 + 0.02 0.40 + 0.05 Yanson, 1977

zn  0.13 + 0.02 0.42 + 0.05 1dem

K 0.13 + 0.03 0.13 + 0.03 3 10722 Jansen et al., 1980a
Na 0.10 + 0.03 0.16 + 0.04 - 1dem

Li  0.45 + 0.20 0.41 + 0.15 2 1dem
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we have also given for the normal metals the predicted critical temperature

TC for superconductivity, obtained from the McMillan (1968)-equation

o - ® -1.04 (1+))

D
e~ T.a5 P soRo.ee ] (6.2)

where OD 1s the Debije temperature and u*=0.10 the Coulomb pseudo-potential.
The critical temperature for Li suggests that probably the parameter A
snould be smaller. Nevertheless, due to the well known comments on the
McMillan equation, these predictions for Tc should not be taken too serious-
ly.

In principle 1t should be possible to scparate the phonon signal from
the background, using the mreasured spectra of several contacts only and
making no use of any interpolation procedarc (van Gelder et al., 1980b). We
will 1llustrate this analysis with the spectra for Cu given in figure 24. All
these measured derivatives of the current-voltage characteristic have a
background which 1s nearly constant above the Debije energy. The method
makes use of the fact that the function asz 1s equal to zero above the Debije
energy. All the spectra are first normalized such that their value at the
Debije energy eVD 1s equal to one. The difference between two normalized
spectra will then be proportional to the function asz (see figure 25), af
1t 1s assumed that tne measured signal can be considered to be built up as
the sum of two unique functions for all contacts (equation (6.1)). For the
4 spectra 1n figure 24 we have 6 comblnations ylelding the function asz.
Each spectrum obtained from a combination 1S normalized to the same value
for the integral ./ dv azF (V). The average of these difrerence functions has
now been plotted in flguri 25b. The error bars give the mean error of the
average, and the first part of the spectrum below 5 mV 1s shown as a dashed
line because of the uncertainty due to the structure at zero bias. From
this analysis one gets for tne ratio of transverse (TA) to longitudinal (LA)
phonon peak a value of TA/LA = 6.8. Using the signal values for the maximum
1n a spectrum given in figure 23, we find XCu= 0.15 + 0.02. Unfortunately,
1t 1s much more difficult to obtain in a similar way from several measured
spectra the functional shape of the background signal. For this purpose,
one needs the measured signal (1/R)dR/dV 1n absolute units for a determina-
tion of the parameters t and m (van Gelder, private communication). Without
going 1nto details, the results lead to a background function which 1s very

sensitive to small differences 1n the two compared spectra, and this makes 1t
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Fig. 24 Measured d2V/dI2 spectra
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difficult to get a unique determination of the background. Small differences
1n the measured spectra can very easily be due to different crystalline
orientations near the orifice.

In some of the experimental curves shown, the spectra often reveal a
structure around zero voltage. This kind of structure has been observed on
and off i1n the experiments in a irreproducible way and remains still unex-
plained. The d2V/d12—51gnals can be negative or positive at small voltages,
corresponding to a maximum or a minimum around zero voltage in the resistance
of a contact. In section (4.5) the possibility of zero-bias structures
(negative dzv/d12—51gnal) due to phonon-drag effects was mentioned. It should
be noted that also in the 1nelastic tunneling spectroscopy zero-bias struc-
ture have been observed (Wolf, 1978). Trofimenkoff et al., give an explana-
tion of these effects 1n terms of "blocking”. This means that the transfer
of electrons at low voltages 1s reduced because of non-equilibrium pheno-

mena, 1.e. the avallable electron states are blocked due to the finite elec-
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Fig. 25 A typical example to obtain the function asz from the difference
of two measured spectra normalized to unity at the Debije voltage
(35 mV) 1s given in (a). The average of the 6 difference functions
azFP from the 4 copper point-contact spectra plotted in fiqure

24 1s shown 1in (b).

tron relaxation rates in the metal at small excitation energies. It is
possible that a similar effect could give a maximum in the resistance

1n point-contact spectroscopy. In addition magnetic impurities are known
to cause structure at low voltages in tunnel junctions. Correspondingly,
one has been able to show recently with point-contact experiments (Jansen
et al., 1980b), that magnetically dilute alloys give rise to a maximum 1n

the resistance around zero voltage (see paragraph 8).
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7. Temperature dependence of point-contact spectroscopy

In the theoretical analysis of the point-contact problem in paragraph 4
solutions in the low temperature limit have been considered only, as most
of the experiments nave been performed at liquid helium temperatures. In
this paragraph, we want to describe the influence of the bath temperature
on the experaimental results in point-contact experiments (van Gelder et al.,
1980 a). For this purpose, Jjust as in tne low temperature limit, the col-
lision term in the Boltzmann equation has to be analysed; besides the
spontaneous emilssion processes, the stimulated emission and absorption
processes have now to be included as well. As expected, a temperature de-
pendent broadening of the second derivative spectra 1s found. In cxperiments
performed between 5 and 300 K 1t 1s shown that this broadening 1s very well
described by the theory. In addition, the contact resistance at zero voltage
shows a temperature dependence which 1s similar to the temperature depen-
dence of the DC-electrical resistivity of bulk material. However, small
daifferences between the temperature dependence of the bulk resistivity and
that of the point-contact resistance are observed, and 1t may be possible
to explain these effects as being due to the different transport efficien-
cies for the electron-phonon interaction in the two cases.

The formal solution of the point-contact problem has been given in
paragraph 4. Obviously, at temperatures T ¥ 0, the temperature dependent
distribution functions for the phonons and the electrons have to be used
explicitly in the zeroth and first order result for the current through
a point-contact. In a thermalized system with no non-equilibrium phonons
present, this leads to the Bose distribution v(w) for the phonons and the
Fermi1 distribution fo(e) for the electrons. In zeroth order, the elec-
tronic dastribution i1s again given by the Sharvin distribution as plotted
1n figure 7. The zeroth order distribution fio)
the electrons which come from the high volta&é si1de of the contact, and

the distribution f;o) = fo(ek) the electrons coming from the low vol-

= fo(Ek_ev) characteraizes

tage side. Using eahatlons (4.1) and (4.2) the current through a circular

contact with radius a 1s given 1n zeroth order by

3ﬂa2

(o) _ 3ﬂa2 v
4pL )

T depl

I [ ae [ £ _(e-ev)-£ (e)] = (7.1)
- o e}
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The summation over k 1s performed over half of the Fermi sphere. As can be

o N .
seen the current I( ) 1s 1ndependent of the temperature, and in first order

no change i1n the Sharvin resistance RO = V/I(O) 1s expected. In next order,
single collision backflow processes have to be taken into account., In the
1terative expression for the backflow current I(l) the full temperature
dependent expression for the collision term has to be used (see equations

(4.35) and (4.36)). Starting for the iteration again with the zeroth order

(o) (o)
- = h'
distribution functions f " = £ (e-eV) and fk f (e,) with € € + hy

for the energy of the electron after a spontgheous or stimulated emission

(¢ - hw), or a stimulated absorption (e + hw) of a phonon has taken place,

(1)

the negative correction I to the current is cobtained as
(1) ara®
1 = - f de [ £ (e-eVv)-£f (e)]
equE e o o
x [ dw asz(hw) [142v(0) +£_(e#hw)-£_(ehw) ] . (7.2)

o]

The factor in front at the right of the last equation 1s equal to the factor

2
1n expression (4.40), 1f the relaticns pl = mv /noe2 and nO = k;/3ﬁ are

F
1
being used. Note that the correction I( ) to the total current I is of

next order in a/Eep, as I(l) v I(O) a/llep (see equation (3.12) for the
energy dependent relaxation time T(e) = lep(e)/vF).

We are interested in the voltage derivatives of the current. For the

differential resistance at zero voltage RO(T) = (dI/dV)_1 (Vv = 0) we obtain
for the case wnere R (T) - R_ << R
o o []
3 thw/2k_T)
RO(T) = Ro + Ri %IEE f dw azF (hw) ————3———2————— . (7.3)
P o p sinh (hw/ZkBT)

Apart from the typical difference in the transport efficiency, indicated
2
by the subscript p in o Fp(w), a similar expression is found for the tem-

perature dependent resistivaity p(T) 1in bulk material (Hayman and Carbotte,
1972)

3 hw/2k_T
o(m) = 22 Idm—%—a% (h) . (7.4)
n e o sinh (hw/ZkBT)
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Tne full expressions for the electron-phonon interaction function Q7Fp and
2

a Ftr' as weighted with the relevant transport efficiencies, are given by

equations (4.41) and (4.42). For the second derivative of the current with

respect to the voltage one finds

2 3 ®

4 hy—
d—é: -2 [aw o’ (hw) ¥ ( = flfv) . (7.5)
av - p B

The function ¥ (2) has a bell-shape with half-width 5.4 kBT-
1z (z-2)e’+z+2

x{z) = E—E'e __—_7;——75—— . (7.6)

B (e”-1)

For T = 0 expression (7.5) reduces to equation (4.43), and the second
deraivative dZI/dV2 1s directly proportional to the function uZFp. 'quation
(7.5) describes the broadening of the spectrum arising from a temperature
T # 0. The same function x for the ttermal broadening has been obtained in
an analysis of the temperature dependence of inelastic tunneling (Lambe
and Jaklevic, 1968).

In order to check the predicted broadening experimentally, the second
deraivative d2V/dI2 of a point contact has been measured as a function of
temperature between helium and room temperature (van Gelder et al., 1980 a).
In figure 26 we have given the neasured spectra between 5 and 20 K for a
Au pressure-type point contact showing the expected broadening of the
spectrum. As the spectrum will be proportional to a2FP for the lowest
measuring temperature, this spectrum can be used to calculate the spectra
at higher temperatures. By a convolution product with the spectrum at the
lowest measuring temperature TO = 5 K we determine the spectra at higher

temperatures T as

5 10 kBT
dav av E-eV
SSten| = [ e =m| x o - (7.7)
dIT T -10 kBT dI TO B eff

In analogy to the usual quadratic addition of the line widths for the
superposition of Gaussian distributions, we have taken an effective tem-
perature Teff = T2-T§ instead of T in formula (7.7), as we 1nvestigate
the spectral averaging due to the temperature difference between TO and T.

The dashed lines in figure 26 give the calculated spectra using equation
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Fig. 26 Measured d2V/dI spectra at a temperature between 5 and 20 K
for a Au point contact with resistance RO = 5.1 2. The dashed
lines (vertically shifted by one scale division) gave the cal-

culated thermal average using the measured spectrum at 5 K.

(7.7) leading to an almost perfect agreement with the experiments. Due to
the use of different kind of materials in the sample holder for the
pressure-type point contact, thermal expansion caused instabilities in the
Au point contact upon i1ncreasing the temperature. To overcome this problem
we have investigated Cu point contacts in a sample holder which was
practically totally fabricated from copper. Figure 27 shows a point-contact
spectrum between 5 and 270 K. Also for this temperature range the thermal
broadening fits the theory.

Equations (7.3) and (7.4) show a great similarity between the tempera-

ture dependence of the bulk material resistance and that of the point-
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Fig. 27 Measured d“V/dI° spectra at a temperature between 5 and 270 K
for a Cu point contact with resistance Ro =1.7 @ at 5 K. The
dashed lines (vertically shifted one scale division) give the

calculated thermal average using the measured spectrum at 5 K.

contact resistance, apart from the typical differences 1in the transport
efficiencies. In order to look into this problem experimentally, the point-

contact resistance at zero voltage has been measured for copper as a func-
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tion of the temperature. In figure 28 we have given a measured contact re-
sistance between 5 and 300 K. In the same figure, also the resistance of a
bulk piece of copper wire i1s shown, using the same material of which the
spear-part of the point contact was fabricated. To compare the measured
resistances for the two cases, we have plotted them in such a way that

they fall together at low temperatures and have the same slope 1n the limit
of high temperatures. The temperature-dependent behaviour for bulk materaial
and a point contact looks simnilar, however there seems to be a characteris-
tic dafference 1n the two experiments. This difference can tentatively be
explained in terms of the different transport efficiencies in the functions
asz and athr. This can be analysed 1in terms of a function A(T) =

T - [RO(T)-ROI/[dR/dT] (see figure 28) which corresponds to the difference
1n the measured resistance and the straight line through RO(T=O) and

parallel to tbe resistance in the high temperature limit. We now look for
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Fig. 28 Resistance at zero voltage of a Cu point contact as a function
of the temperature. The dashed linc 1s the measured resistance
of bulk material (spear part of the Cu point contact). The
values AP(T) and Atr(T) indicate the difference between the
measured resistance values and the straight line through R(T=0),

parallel to the high temperature slope of the resistance.

the difference S{A(T)} = AP(T) - Atr(T)’ where AP(T) 1s related to the

point-contact case and Atr(T) to the bulk material. It follows from the
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experiments that this difference §{A(T)} 1s negative. By an evaluation of
the functions AP(T) and Atr(T)' using the definition and equations (7.3)
and (7.4), we find

0.1 [ du o’F(w)
ATy = Do 2 , (7.8)
kg 2 &P
2 [ dw e
(o]

which holds for temperatures T roughly of the order T > 0.3 eD. Here, we
used asz(w) for a determination of A (T) and a2Ftr(w) for Atr(T). Using
the sum-rule in the normalizations f dw asz(w)/w = f dw athr(m)/w, we
conclude from the experimental found fact §{A(T)} < O that the function
aZF (w) 1s shifted towards lower frequencies as compared with the function

tr
quencies. In table I of section (4.4) we have shown that for spherical

athr(w); this agrees with the w-dependence of usz and a2F at low fre-

Ferm1i surfaces umklapp scatteraing yields an extra factor u)_li for the func-

tre As umklapp scattering 1s important for

a noble metal like Cu, a stronger signal in the point-contact spectrum 1s

tion asz as compared with azF

expected at low frequencies.

It 1s clear that further studies are necessary to support these con-
clusions. For instance, the results in table I are derived for a spherical
Fermi surface, and this does not hold in the case of copper. Therefore,
1t should be interesting to determine in detail the power law of the tem-
perature dependence of the point-contact resistance at low temperatures,
1n order to investigate the scattering processes in the point-contact

geometry as ccmpared with the bulk material.

8. Detection of other scattering mechanisms than the electron-phonon

interaction

Most of the experiments in the field of the point-contact spectros-
copy carried out until now deal with the measurements of the electron-
phonon 1interaction in a metal. It 1s obviously of great interest whether
the point-contact method can be applied to study the interaction of the
electrons with other elementary excitations in the metal than phonons. The
grand result of the solution of the transport problem for the resistance

of a point contact 1s summarized by equation (4.34) which states the all



important simple fact that the change i1n the contact resistance as a func-
tion of the voltage 1s proportional to the inverse of the energy-dependent
scattering time of an electron. The solution i1s valaid under the condition
tnat the inelastic mean free path L(e) = VFT(E) 1s large compared to the
linear dimension a of the contact, for this type of junction 1t 1s possible
to have an electric field within a metal which accelerates the electrons
according to the Sharvin picture (field-emission). In principle, every
interaction-process of the conduction electrons in a metal can now be
studied with point contacts in the clean limait (%4/a >> 1). In this para-
graph we will discuss some recent experiments, which have been performed
to 1nvestigate the scattering of electrons in a ferromagnet (electron-
magnon 1interaction) and in a magnetically dilute alloy (Kondo-effect). In
point-contact experiments on ferromagnetic metals (Verkin et al., 1979),
strong anomalies have been observed at voltages which can be correlated
with the critical Curie temperature of a ferromagnet. In experiments on
Kondo samples (Jansen et al., 1980 b) zero bias structures have been ob-
served which can be analysed in terms of a direct determination of the
relaxation time for the exchange coupling of the conduction electrons

with magnetic impurities.

For the study of the electron-magnon scattering Verkin et al. (1979)
have i1nvestigated point contacts of the ferromagnetic metals Fe, Co and
Ni1. In the measured second derivative spectra the usual structure was
observed at applied voltages which were 1n agreement with the phonon
frequencies. As an example, we show the spectrum for a Ni point contact
1n figure 29, The observed longitudinal phonon peak 1s less intense as
compared with the transverse phonon peak. Besides Fe, Co and Ni, the noble
metals also revealt thas behaviour. This supports the i1dea of a strong
coupling of the d-electrons with the transverse phonons via umklapp
scattering 1n these metals (see paragraph 6). At higher voltages (v 190 mv
for Ni1), 1.e. at energies, which are of the order of the Curie temperature
TC (Tc = 627 K and kBTc = 54 mevV for Ni), a new type of singularity has
been observed (see figure 29). This new phenomenon has been explained by
Verkin et al. (1979) by considering the strong power dissipation occuring
at higher voltages which causes local heating of the metal in or near the
contact region As the scattering of the electrons in a metal increases
at higher temperatures, the mean free path of the electrons gets much

smaller and the behaviour of the metallic contacts goes over from the
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divrdrl {arbitrary units)
8

50 100 150 2000 250 voltage (mV)

Fig. 29 Measured dzv/dI2 spectra for point contacts of N1 at a tempera-
ture T = 1.5 K. Top figure: resistance Ro = 6.5 Q; bottom
figure. R0 = 2.9 Q. The dashed line gives the phonon density of
states obtained from 1inelastic neutron-scattering experiments
(Birgeneau et al., 1964). In the bottom figure the singularity
around 190 mV 1s shown together with the expanded signal at low

voltages (phonon structure).

Knudsen regime (2 > a) into the Maxwell lim:it (& < a). For reasonably

general point-contact geometries of a surounding temperature T the

bl
maximum temperature Tm at the orifice due to Joule heataing 1s given in the
Maxwell limit by (Holm, 1967)-

2
Tm = Tb + — . (8.1)

This simple relation has been deduced by assuming that the electronic heat
conductaivity K and the electrical resistivity p are related by the
Wiedemann-Franz law Kp = TL (L 1s the Lorentz number). For Tb + 0, the
maximum temperature Tm 1s proportional to the applied voltage V, and
equation (8.1) gives numerically for the second term (3.2 V)2 1f v 1s

measured in millaivolts. The fact that considerable heating in the vicinity



of the metallic contact takes place 1s supported by tne occurrence of an
irreversible lowering of the point-contact resistance at high voltages

(v 200 mV) which 1s probably due to the disappearance of strain hardeninrg
1n the metal of the pressure-~type point contact at a certain temperature,

called the softening temperature T (for Nz, TS = 520 K). For vol-

soft oft

tages where Tm v Tc' the resistance of the contact (R = p/2a) changes
abruptly due to the increase of the electron-magnon resistivity at the
Curie temperature. Assuming that the change in temperature spreads out
spherically in the vicinity of the contact, the experimental results can
be simulated using a step-like model for the temperature dependence of
the magnon resistivity (Verkin et al., 1979). Tris model predicts a
singularaity at the voltage VC = 3.6 TC which 1s i1n agrecment with the
experiment. As a conclusion, one 1s tempted to say that in these point-
contact experiments only the temperature dependence of the bulk resistavaity,
arasing from electron-magnon scattering, 1s determined. Here, the point-
contact method 1s not used 1n the sense of a tool to measure the energy
dependence of the scattering time for the electron-magnon interaction.

In an other series of point-contact experiments, where Mo has been
pressed against the magnetically orderaing metals GdCu2512 and Tb (Leppain
and Wohlleben, 1978), structure has been observed and ascribed to electron-
magnon scattering. As the GdCu2512 sample 1s certainly not pure, the con-
tacts are probably again in the Maxwell limit and local heating effects
can explain the observed increase i1n the resistance, just as in the case
of Fe, Co and N1 as investigated by Verkin et al. (1979), but now, due to
the anti-ferromagnetic ordering in GdCu2812,
(Tc = 12 K). In tne Tb experiments, sharp maxima in the measured resistance

at much lower temperatures

signal have been ascribed to electron-magnon scattering, because as the
energlies where the peaks occur compare reasonably well with the structures
in magnon density of states as obtained from inelastic neutron-scatterang
experiments. However, 1t 1s not clearly understood why a maximum 1S ob-
served 1n the resistance instead of i1n the voltage derivative of the
resistance.

Very recently experiments have been performed on point contacts, made
from magnetically dilute alloys, in order to study the exchange scattering
of the electrons with magnetic impurities in the metal (Jansen et al.,
1980 b). The experiments were done with Au and Cu host samples with small

concentrations (< 1 at.%) of respectively Mn and Fe. The point-contact
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spectra revealt an interesting structure, which corresponds to a maximum

in the resistance at V = 0. An explanation of the observed phenomenon can

be given by considering the scattering time for the interaction of the
electrons with magnetic impurities (see formula (4.34)). In figure 30

we have given the measured differential resistance as a function of the
applied voltage for a AuMn janction. In the same figure we have also plotted

2
the second derivative dzv/dI , which clearly shows the phonon structure,

dv/d1(0 5 mQ/division)
- d2vigr?
20

f 0

(/S S T TN
10 20(mv)

|

o1 1 10
Voltage (mV)
Fig. 30 Measured differential resistance dv/dI for a point contact of
the magnetically dilute alloy Au-0.03 at.% Mn as a function of
the applied voltage (linear and logarithmic scale) . Resistance
Ro = 2.1 Q; temperature T = 1.5 K. The dashed line 1in the bottom
figure gives the logarithmic slope of the resastance. In the
insert, the second derivative signal reveals the phonon struc-

ture of Au.

indicating that we are indced dealing with point-contact spectroscopy with
a backflow cuarrent. Heating effects can be neglected as we are st1ll 1in

the Knudsen regime for the investigated point contacts, according to tne
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observed electron-phonon structure seen in the signal. Note the charac-
teristic difference between tunneling and point-contact spectroscopy: In
tunneling experiments performed on metal-insulator-metal films, structures
as a function of the applied voltage have becn observed, indicating a
mininum 1n the resistance whicn 1s due to the coupling between electrons
and magnetic impurities in the oxide layer (Wyatt, 1964). This 1in drastic
contrast with the maximum 1n the resistance as observed in the point-
contact experaments.

For a detailed analysis and understanding of most of the phenomena
due to the exchange interaction in Kondo systems (1.e. bulk resistivaty,
specific heat, susceptibility, etc.) a determination of the energy depen-
dence of the scattering rate 1s important. Theoretically, the scattering
time of an electron with energy eV above the Fermi level has been evaluated
for a Kondo system 1n several ways (Suhl, 1973). The energy-dependent
scattering time 1(eV) as given by Hamann (1967) reduces i1.e. 1n the limit
ev >> kBT to

1 _ _c _ ev 2 ev 2.,-%
=(eV) = =— {1 - =" =) + sis+)n”]77} (8.2)

o] B K B K

where TK 1s the characteraistic Kondo temperature of the dilute alloy ana c
the concentration of magnetic impurities with spin S. From the Hamann
formula for the scattering rate, the temperature dependence for the bulk
resistavity can be obtained, which 1s formally similar to the voltage
dependence of T_l(eV) 1n equation (8.2). It 1s therefore reasonable to
compare the point-contact data as a function of voltage qualitatively with
bulk resistivity measurements as a function of temperature. Note that from
a theoretical point of view, 1t 1s a coincidence due to the nature of the
specific logarithmic terms 1in the expression for the scattering time that
the temperature dependence of the resistaivity and the energy dependence
of the inverse of the scattering time behave similar.

The Kondo temperature for a AuMn-system 1s very low ("I‘K v 10_13 X).
Using |1n TKl >> 1, equation (8.2) can then be simplified to T_l(eV) «
{1 -2 ln(eV)/ln(kBTK)}. In figure 30 we have also plotted the measured
point-contact resistance as a function of the voltage in a logarithmic
scale. It can be seen that over a limited range around 1 mvV a logV-
behaviour 1s observed. For higher voltages, the resistance increases due

to the electron-phonon interaction, and at low veoltages ordering effects
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and temperature smearing play a role in the rounding
maximum. Similar ordering effects have been observed
2 0.02 at.% Mn in Au in bulk resistivity experiments

In figure 31 point-contact experiments for different

off of the resistance
for concentrations
(Loram et al., 1971).

Mn concentrations in

the Au samples are shown. Upon increasing the Mn concentration, firstly

a broadening of the resistance maximum at V

0 occurs,

and then the

maximum splits up in two maxima. Qualitatively the same behaviour has been

observed in bulk resistivity experiments as a function of the tempcrature

(Loram et al., 19/1). The experiments with more concentrated samples can

av/dl -
105 mQ/dn}

Av-003 & % M1

L Rpz2'R
N N —
| 126 mQ/dw)
A C1 g % Ma
Boz259
- \\.\/‘/—’/ \~“_ —
—_ L N N
HwQ/fiw)
& 03 at % Mn
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| //\\ ’/\
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Au-'0 a1 %% Mn
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Fig. 31 Measured differential resistance dv/dI for

different concentrations of Mn.

[}
follage (m¥)

Au point contacts with

be described by ordering, or equivalently, internal magnetic fields. This

is clearly demonstrated in figure 32, where the resistance of a AuMn point

contact is given as function of voltage in magnetic fields up to 30 kG.

Also in CuPe dilute alloys maxima 1in the resistance at V = 0 have been



dvrdI (20 mO/division)
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Fig. 32 Measured differential resistance dV/dI for a point contact of
Au-0.1 at.% Mn 1n an applied magnetic field (perpendicular to
the contact area). Resistance RO = 2.5 Q, temperature T = 1.5 K.
The curves are shifted with respect to the reference point in-

dicated by (4).

observed (Jansen et al., 1980 b). For the CuFe case, the temperature of
the helium bath used for the experiments lies below the Kondo temperature
(v 30 K). Thercfore, for very small voltages, the unitarity limit giving
the maximum 1n the cross-section for the electronic scattering might be
rcached. A first indication gives the experimental result with a flat part
1n the resistance below 0.5 mV (v 20% of the Kondo energy kBTK = 2.6 mV).
However, the bath temperature should be lowered even more to give clear
evidence for an observation of the unitaraty limit.

These first experimental results on ferromagnetic metals and on Kondo
samples show convincingly that point-contact spectroscopy 1s a most
promising and interesting tool for investigating the scattering mechanism

of the conduction electrons in metals. Although this new spectroscopy has
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been applied most successfully until now mainly for the study of the elec-
tron-phonon interaction, it is quite clear that the method will be equally
useful for other interaction mechanisms as well. However, one has always
to keep in mind that in order to bring the conduction electrons out of
equilibrium within a distance of the order of the mean free path, it is
essential that the samples to be studied with point-contact spectroscopy
have to have an energy dependent mean free path of the electrons which is

at least of the order of the spatial dimensions of the contact.
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Direct measurement of electron-phonon coupling a?F(w) using point contacts: Noble metals

A G M Jansen, F M Mueller, and P Wyder
Physics Laboratory and Research Instiute for Materials Untversity of Nymegen, Toernoowveld, Nymegen The Netherlands
(Received 30 December 1976)

A new technique of forming tiny point contacts between normal metals 1s described By measuning the
voltage denvative of the resistance of such contacts at | 2 K, structure 1s found which 1s consistent with bulk-
phonon densities of states Similar results were reported recently by Yanson using a shorted (ilm technique
When interpreted, the observed structures yield electron-phonon coupling parameters 1n close agreement with

literature values

The measurement of the electron-phonon inter-
action has attracied considerable interest.'”* Re-
cently Chaikin and Hansma have estimated the
electron-phonon coupling parameter A in Al and Cu
using proximity-effect (unneling,' and Hoyt and
Mota have estimated A’s for Cu, Ag, and Au using
concentration-squared exirapolalions based on the
McMillian equation and the superconducting crifi-
cal temperature of a-phase noble-metal-rich al-
loys.® In this paper we report measurements of
the voltage derivative of the resistance of junctions
formed by tiny conlacts between two noble metals,
which show deviations from Ohm’s law.® Structures
are seen which coincide well with bulk phonon
spectra, and when interpreted yield \'s close to
those expected' ™ for noble metals. Some of our
resulls have been presented qualitatively at the
Rochester meeting.?

We were stimulaied {o try our experiments by
the work of Yanson.”® He used shorted junctions
formed from normal metallic films separated by
an 1nsulator. The measured junctions were In the
normal state, either because of the Dewar {emper-
alure or because of the application of an exlernal
magnelic field. His Cu resulls are in excellenl
agreement with those presented here. It occurred
to us that 1f we could form tiny metallic bridges
from sharp points, the resulting junctions would,
in {he normal state, be Sharvin junctions,® and
perhaps be simpler to form and control than those
formed from shorted films. The major potential
disadvanlages of such junctions, compared with
those [ormed from films involved questions ol
mechanical stabihity.

We formed a sharp tip (~> 4m) on a thin wire
(“spear”) through an electrolytic etching techmque.
This was mounted rigidly on a subassembly with a
larger wire (“anvil”), cooled to 1.2 K and carefully
pressed 1nto the anvil. The separailion was first
crudely adjusted using mechanical differential
screws and then finely adjusied, using a prezoelec-
tric substage. We estimate that the anvil-spear
separation could be controlled this way to betler

76

than 107% cm. An individual point contact was made
and broken many times until a stable and repro-
ducible value of resistance was achieved. Us-
ng the piezoelectric lever arrangement, the
resistance of noble-metal point contacts ranged from
2.5t0608. Once formed, the point contacts had stable
resistances for 3—-4 h, The first and second derivative
(av /aI and 2V /aI®) were recorded using conventional
ac modulation, phase-sensitive deteclion, and
lock-1n techniques, similar to those used 1n supercon-
ducting tunneling-spectroscopy The modulation vol-
tage was small, typically 300 uV  The resistance
R(V)=0aV/8I'was smooth as a function of voltage, but
not constant. For applied vollages greater than
about 30 mV, the resistance of all such junctions
increased linearly wilh voltage; below 30 mV, the
behavior was roughly parabohic. Thus the resist-
ance of the junctions was distinctly non-Ohmic 1a
both regimes, but metallic 1n the sense that it was
a monotonically increasing function of voltage.

For a clear discussion on this poinl we refer to
Rowell et al.?

The voltage dependence of various (oR/3V)
[=(o?v/ar?)/(aV/al)] fell 1nto three distinct types:
Those prescnled here in Fig. 1 (“normal”); Lhose
which had a large second derivative peak at less
than 5-mV bias (“anomalous”), those which showed
structure similar to that in Fig. 1, but with a ra-
pid oscillatory modulation of order 1 mV (“multi-
ple-junction”). Similar eifecls were seen by Yan-
son and Shalov® in their film experiments. In our
experiments Lhe three types divided roughly as
70%, 25%, and 5% of the (ormed junctions, re-
spectively. In Figs. 1(a)-1(c) typical results are
given for aR/aV of Cu, Ag, and Au as a function
of voltage for “normal” junctions. In all cases
R(v) was nearly a symmetric function of ¥ and
aR/3V an antisymmetric function of V. Two preces
of structure are seen at voltages less than 30 mV,
above this value oR/0V 1s constant. In the same
figure literature values are given for the phonon
density of states F(w) for Cu,' Ag,'' and Au,'? ob-
tained [rom neutron scaitering experiments. The
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coincidence of the low voltage peak of our results
with the transverse phonon peak 1s excellent The
higher peak coiwncides well with the longitudinal
peak, with a small disagreement 1n the case of Ag.
We believe, therefore, thal bulk phonons play a
significant role.

The resistivity ratio (RR) of our samples given
in Table I 1s low and the resistance at zero volt-
age Q, 1s high compared with previous experi-
ments on melallic contacts.” Estimating the con-
tact radws a, from a,=p/2Q, (p 1s the resistivity
of the metal, Maxwell'® derived this formula using
Ohm’s law) and the data of Table I we find values
smaller than 0 2 A. These are far smaller than
our estimates of the residual impurity scatlering
length !,n,. Thus the flow of electrons through the
contact orifice would have additional impedance
due to the Knudsen" effect. Wexler'® has given a
detailed treatment of the resistance 1n the case
where the orifice size g 1s small compared with
the scattering length !. He gives

R, =T'(K)/20a+4K/3%0a, (1)

where I' 15 a slowly varying [unction of the Knudsen
number K=1[/a which takes the value 1 at zero and
5 7 at high K and ¢ = 1/p the conductivity of the
bulk material. The first term 1n this formula 1s
dominant for small K and similar to the resistive
formula of Maxwell * The second lerm dominaies
for high K and 1s similar to the formula of Sharvin.®
The regime of high K 1s of interest here and the
radi given 1n Table I are found [rom a®=4pl/37Q,.
These radi are much larger than our Maxwellian
estimates, but the condition K> 1 1s sull fulfilled.
We assume that only (he scattering length [ de-
pends on the vollage V (or energy eV). Thus since
pl 1s independent of I and T a slowly varying func-
tion of K, the derivative aR/aV 1s given by

oR _Tpl o 1

3V~ 2a av leV)

()

and the total scattering length by 1/1=1/l,np+ 1/1,,
where

11
Lo  vetlev)
_2n

—L,-h.[ dw o®F(w)[2Ny(w) + 1 = foleV - w)

+foleV +w)] (&)

1s the energy-dependent phonon-emission length at
energy eV, and «°F the frequency-dependent elec-
tron-phonon coupling constant Thus at low tem-
peratures we obtain direcily o®F, given as the
righi-hand scales of Fig 1. In the theories of
electron-phonon coupling reviewed by Zavaritskii
and Grimvall,' 1/1., becomes constant at high en-



DIRECT MEASUREVMENT OF FLECTRON PHONON COLPLING

TABLF I Experimental parameters [or the four polnt contacts plottcd 1n Fig 1

Qg is the junction resistance at

zero voltage, Iy, the 1.2-K resistive scattering longth, I, the 30-meV electron-phonon emission length, a the orifice
radius, and K the Knudsen ratio l/a A, 1s twice the integral of the derived o’Fro

) ol lep U a
RR @) (107" @emd) 10~fem)  (107%cm) (10 cm) K Xe Ay Ap
Cu-Cu 71 57 071 0 89 325 727 96 014:003 016 014
Ag-Ag 43 163 091 101 3 26 54 9 140 010004 016 015
Au-Au 23 320 104 116 125 37 1 162 014:005 021 016
Cu-Au 45 25 0 88 251 122 2

ergy,1e,(3/2eV)1/l,)~0. We see that our re-
sults contain a phonon-emission effect, and another
smooth (“background”’) effect. We have approxi-
mated the second effect through the dashed func-
tions presented 1n Fig. 1, given by

B(V)= Ctanh*(1.5eV/k8 ), )

where C 15 a constant fitted at 30 mV. To compare
with other experiments, we integrate to find the
Ap’s, Xc 1s laken from Grimvall' and A, from Hoyt
and Mola," given 1n Table I. On the basis of the
close coincidence of the structure of Fig. 1 with
phonon struclures, and the agreemenl with litera-
ture values of A, we conclude that the voltage de-
rivative of the resistance of small point conlacts
provides a simple and convenient method Lo mea-
sure a’F(w) 1n normal metals. The same conclu-
sion was reached by Yanson in his experiments
using evaporated films.

We will briefly give some other experimental re-
sults and conclusions
(1) Figure 1(d) tests the possibility of dissimilar
junctions—here with a “"spear” of Cu and “anvil”
of Au. The results suggest that the effect 1s addi-
tive—as was given by Wexler,'® Eq. (€9).
(11) Using anvils of single crystals, preliminary
experiments seem to show that the results donot
depend on the exposed crystalline face. The form
of the variational function of Wexler suggests that
the half width at half maximum of the electrons
which pass the orifice 1s 45°. This 1s 82% of 54.7°,
the angle between [100] and [111].
(111) Plotting all our experimental data, the ampli-

tude of the first peak scales as @, to the 0.36

+ 0 13 power, this 1s consistent with the analysis
above (0 5 power) The size of the residuals sug-
gest that the internal consistency of the data 1s of
the order of 20%.

(1v) Yanson has defined y, the ratio of the “back-
ground” to the first peak height.® y shows a de-
pendence as §, to the power -0.54 for Yanson's

Cu data and -0 53 for ours. Thus B does no! de-
pend on 2,

(v) B depends on the residual resistance ratios RR
of the anvils as the power -0 52.

(v1) The ratio of the a’F’s of Fig. 1 to the related
F(w)'s shows that o 15 strongly w or energy de-
pendent Transverse phonons couple to the elec-
tron gas aboul four times more effectively than
Iongitudinal phonons 1n noble metals This 1S con-
sistent with the results and conclusions of a theory
of Das, who first suggested'® in a quantitative way,
that d electrons were 1mportant and strongly
umklapp coupled o transverse phonons in noble
metals. Il i1s likely that the same 1s true in transi-
tion metals—or “transition-metal compounds.”
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Normal Metallic Point Contacts

The (nonohmic) resistance of tiny metal contacts

shows new structure at metal phonon energies.

A G M Jansen, F M Mueller, P Wyder

With the widespread use of miniatur
1zed semiconducting devices (diodes
transistors, and integrated circuit chips),
new problems arose i attaching stable
met:llic leads Although the currents
that flowed through the metalhc leads
were small—typically of the order of a
few milhamperes—the contacts were so
small that the resulting current densities
were enormous—as large as 10° amperes
per square centimeter Such high current
densities were well above anything en-
countered in the laboratory or n tech-

impurities become weaker and weaker—
and eventually break These technical
problems are now well understood, but
the solution has involved a wide variety
of disciplines

Background: Large Contacts

The general problem of understanding
electncal contacts 15 quite old 1t first
arose with the advent of rotating electri-
cal machinery n the early 1890's The

Summary The measured voltage dernvative of the nonlinear resistance of tiny
point contacts can be separated into a phonon-emission effect (a2F) and an analytic
functional form (background effect) The a?F's show structure coincident with bulk
phonon densities ol states Values of the integral of 2 o%F /e are closely related to
literature values The background eftect is related to the impunty conceniration of the

matenals

nology before In such a regime, new
phenomena, which 1n the ordinary world
are very tiny, become important All me-
tallic crystals contain impurities, va-
cancies, or dislocations In a strong cur
rent density (or equivalently, a strong
elecinc field), these defecls force elec-
trons to stream around them and hence
exert forces on them, they move or dif-
fuse. driven by the electron ‘““wind ™
This process 1s now called elec-
tromigration (/) When such diffusion
takes place in constant strong fields for a
long time, the delects migrate and be-
come trapped—For example. at the met-
al-semiconductor interface Mechanical-
ly, contacts with piled-up vacancies and
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classical solution wn the ohmic regime
was given by Maxwell 2) by solving
Poisson’s equation for the electrical po-
tential V as function of coordinate 7

VV(r) =0 )

n oblate spherical coordinates Con-
tours of constant potential of current
flowing through a constricting circular
orifice of radus a are given by

V(F) = =V] —% arc tan (1/8)] (2)

where the oblate sphencal coordinate ¢
may be found from the more familiar
sphencal polar coordinates r and z by
solving the implicit equation r/aq* =

SCIENCE

(1 + 0 - z%/¢%a?) The two signs re-
fer to the two sides of the circular onfice

the geometry has cylindncal symmetry

The resistance of such a contact may be
found by dividing the total voltage drop
(here 2V,) by the total current flowing
through any contour of constant voltage

For simplicity, we choose the contour
V(r)=0, that s, the onfice itsell
(£ =0) The current [ 15 given (in ¢y

hndrical coordinates) by an integral of
the current density 7 over the area O of
the onfice

1= fd()' 7

ra

= Jﬂ” de Jn rdra( :‘:L_n 3

where o s the conductivity and aV/az1s
the z component of the electnc field £
The Maxwellian resistance (2) of the
conlact 1s then given by
Ry= £ @
24
where p 1s the resistivity (= 1/g) Equa-
tion 4 has been verihed (3) to an accura-
cy of about 1 percent for a wide variety
of “’practical’’ contacts There are also
many exceptions (3)

New Phenomena in Small Contacts

In this article we focus on some inter-
esting exceptions that have been exam-
ined (4, 5) at Nymegen In these expen-
ments the contact radu are made so small
(~ 40 angstroms) that the current den-
sies are orders of magnitude (10*° to
10" amp/cm?) larger than those pre-
viously considered We were stimulated
to try such expenments by the work of
Yanson (6), who used a techmque that
depends on puncturing (wo metallic
films, separated by a thin (100 A) in-
sulating layer, with a burst of voltage
coupled through a high resistor It oc-

A G M Jansen is a graduate student and F M
Mueller and P Wyder are professors of physics at
the Physics laboralory Umversity of Nymegen
Nymegen Netherlands All three are connected
with the Suchung voor Fundamenteel Onderzoek
der Matene (Foundauon for Fundamental Research
on Matter) This article 1s an English transletion of
an article wnlten for the Nederlands Tydschnft voor
Natuurkunde
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curred to us that if we could form such
tiny metalhic bridges from sharp points
the resulting junctions might be stmpler
to form and control than those formed
from shorted films The major potential
disadvantages of point contacts involved
questions of mechanical stability

Experimenial techmique We lormed a
sharp tip (of radius ~ ¥2 micrometer) on
a thin wire { spear ) by arn electrolytic
etching technique (7) This was mounted
ngidly on a subassembly with a larger
wire ( anvil } cooled to 1 2°K and the
spear anvil separation w s carefully ad
Justed On the basis of the results dis
cussed below we believe that within the
etched up of the spear there are micro
scopic regions which on this scale are
targe conical mountains  nising 100 to
200 A above the average plane of the
tip Usually one of these 1s dominant ac
tually touches first and forms the metal
lic resisuive junction we measure The
separation 15 first crudely adjusted by
means of differential screws and then
finely adjusted by using a prezoelectric
substage We can control the separation
to better than 10 * cm by means of the
prezoelectnc lever arrangement

The expertmental apparatus 15 shown
in Fig 1 The resistance of the point con
tacts formed n noble metals at a low
temperature (1 2°K) 15 quite high—about
10 ohms If we estimate the radus ay of
such a contact from the Maxwell equ:
von (Eq 4) we find the uny value of
about 0 2 A This s far smaller than both
the classical resistive scattering length /
(about 10* A) and the quntum mechani
cal de Broglie wavelength A (about § A)
Moreover the measured contact resist
ance s distinctly nonlinear or non
ohmic

Nonhnear contacts In Fig 2 we show
the voltage dependence of the current
and the first and second denvatives of a
nonhnear / V characleristic curve for a
point contact of copper whose resist
ance was 5 7 ohms at a voltage near ze
ro [The measunng technique 1nvolved
phase sensitive detection of first and sec
ond harmonics similar to that used n
tunnel junction spectroscopy of super
conductors (8) ] Figure 215 a direct pho
tograph of the output of an 1\ plotter
The (dynamical) resistance (curve b) 1s
nearly an exactly symmetnic function of
voltage the nonlinear second denvative
(curve c) nearly an antisymmeltric func
tion The broad peaks in curve ¢ at = 15
and = 27 millivolts are reproducible
from sample to sample and contact to
contact The small structure near zero
bias and the narrow dip at +17 mV are
electrical noise The tiny ripple seen
at > 30 mV s the intrinsic mechanical

and electncal noise tn the experiment
New phenomena have arisen because
of the small size high current density
and high electric field of the point con
tacts

Scattering Length versus Radws

Let us consider the classical scattering
length question first The problem of the
flow of classical electrons of large scat
tering length / through 1 smill orifice
1esembles a problem in gas kinetic theo
Ty (9) As the pressure in a gas vessel
s lowered for example by pumping
through a small hole nto a vacuum the
mean free path ! between collisions 1n
creases Eventually the path length will
be larger than the onfice ridius @ One
then no longer has diffusive low and the
gas molecules penetrate the onfice bal
hsucally This problem was first consid
ered by Knudsen (/0) in 1909 and 1s now
called the Knudsen effect The different
regimes are charactenzed by the Knud
sen ratio A — {/u

Spear

Anvil

L.
Fig | Experimental apparatus The spear
on the right 1s moved into the anvil on the

left by means of differential screws and a
piezoelectric lever arrangement The separa
tion can be controlled to better than 10 ®cm

In the case of electrical contacts the
major effect (in the regime of high Knud
s€n ratios) 1s 10 cause a steep voltage
gradient or high effective electnc field to
develop 1n the contact region Crudely
then 1n this regime the contact serves as
a device to inject electrons of high ki
netic energy from one metal into anoth
er but with a carefully controlled excess
kinetic energy or velocity This excess
velocity 15 given by AL = = (V/p
where the sign depends on whether the
particles passing through the orifice are
holes or electrons ¢ 15 the electric
charge V15 the voltage drop across the
contact and p; 15 the Fermi momentum
The excess current / 1s proportional to
the current density utmes the area or
ncAvra* where n s the particle density
Calculating the resistance as V/I we
find R = p,/nc*ma? In the Drude theory
of the electron gas the quantity py/ne? 18
equal to p/ the resistivity times the ef
fective scattering length In the high K
regime the resistance ol an electrical
contact has been estimated by Sharvin
(1) as

i
Ry=L (5)

(Note that 1n this form the resistance 15
quadratically dependent on the nverse
of a ) In our experiments the Knudsen
resistance 1s larger than the Maxwell re
sistance by the factor K/2 or about 100
Using the Sharvin formula we find the
(larger) estimate [or ¢ of about 40 A

Quantum effects  Thus « 15 much
larger than the de Broghe wavelength so
that direct quantum mechanical Fresnel
(edge of the hole) interference phenom
ena (/12 p 161) would be weak and
would be visible only i1f a large voltage
(about 600 mV) were impressed on the
contact However f two or more of the

mountains  on the etched tip were of
roughly equal height but spaced far
apart then it would be possible to see
the quanium mechamcal analog of
Young (double slit) interference (/12 p
114) If the two mountains were
spaced 600 A apart then by the Heisen
berg relation an extra momentum p of
about 10 #* gram centimeter per second
would be needed or an excess energy of
about 0 5 mV for free electrons to see
mnterference

In a few of our formed contacts we
see exactly the same emission phenome
na as will be discussed below but with a
60 percent (height) modulation at a4 [re
quency of about 0 75 mV We interpret
these as quantum interference effects
due to muluple junctions Such effects
were also seen in the expenments of
Yanson (6)
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Interpolation Formula

Between the two remimes—low A
(Maxwell) and high A (Sharvin}—one
needs an interpolatton formul: which
systeminicailis treats the probler nd
yields these extrieme hmits Wexler (J4)
has given such a formula based on i vai
tional solution to the nonlocal Boltz
mann equation He transformed the
problem of electron flow through an or
fice into the problem of an emitting disk
The transformatton 1s simtlar to that used
by Babinet in treating the analogous
problem of the equivalence ol screcns
and holes 1n geometnc optics (12 p
147) Wexler s interpolation formula 15

1K
=,— +

4K
R = Py

Inoa

(6)

2oa
where [ (A) 15 a slowlv varying function
of A and takes the value 1 for A — 0 and
9m2/128 [or large A The first term 15 like
the Maxwell resistance the second hke
the Sharvin resistance In our expen
ments we take the partial denvatve of
the contact resislance with respect to
voltage v We assume that the orifice
radius 15 independent of voltage and the
scattenng length 15 dependent on voltage
(or energy ¢V) The combtnation ko 1n
the Sharvin like term 15 independent of
voltage since /;o 15 independent of the
scattering length  Thus only the first
term enters the partial derivauve

(7N

R Lk a1 )

av av lteV)

oa

(Note that the structureless second term
in Eq 6 serves as a  senes ballast resis
tor to establish the voltage drop on the
contact The first term 1s the active
one ) The total scattening length /1s given
by

= ®)

P_, 1
L
where I, 15 the scattenng length due to

impunues and where /., the electron
phonon emission length 1s given by

LI o
oy rieV)

= dowa’lMNw) X
wh o

ley

[2Nolw) + 1 = fl@ — (V) + filw + eV]]
(9

where 1+, 15 the Fermi velocity a*Flw)
the electron phonon coupling 1/7(eV)
the energy dependent emission rate and
k Planck » constant over 2 Equation 9
15 the condensed matter analog of Fer
mi 5 second polden rule The matnx
element squared 15 a? the couphng
constant and F(w) 1s the phonon density
of states The thermal Bose (Ay) and Fer
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Table 1 Fapenimentul parameters for the point contacts of Fig ¥ Symbols R, resistance of

the point contact it zero volt ige 46

Debyve energy a radws of the contact determined from

R (43mwla?) K Knudsen number A electron phonon pirameter recommended by Grim
Vil (150 Ay electron phonon pirimeter determined by Hovt and Mota (76) ind A, electron
phonon parimeter determined by the point contact technique

Mate K A8 a
rial tohm) imeV) (10 *cm)
Cucu ST 92 727
Ag Ag 16 191 49
Au Au 20 140 LIl

mi ( f) factors enter because in con
densed matter one needs to thermodyv
namically average over the svstem At
low temperatures das 10 our expenments
the Bose tactor vanishes and the Ferm:
factors are nearly step functions Taking
the voltage dernivative these become
Dirac  delta functions centered at
w = * ¢} [n the low tempetature limit
only the one at  — ¢V contnbutes

Experimentzl Results

The data for copper plotted in Fig 2
curve ¢ show both a slight asymmelry
(about ¥ 0) and a shight positive shift
in the signal We attribute the asymme
trv to a d ¢ voltage bias due to the ther
mal voltage over the coaxial leads to the
point contact at 1 2°K This small volt
age shift 15 about 0 S mV We interpret
the shght positive shift as due to first har
monic leakage into the second harmonic
channel as well as tunneling leakage n

22

E
— 5
]
E *F
ol b F
s s
5 ' G 15 5 5 [ ) 3
© Voltage v (mv) >
A e

!
‘// \f\,ﬁ’

5 R 35
Voltage V (mV

a b lrary un ts)

~
da¥v ai? 3\(\
o

Fig 2 (left) Photograph of the recorder sheet
with (curve a) current / (curve b) first denva
tive dVidl and (curve c) second denva
tive d*V di* plotted aganst apphed volt
age Fig 3 iright) The measured voltage
denvative of the resistance of point contacts
4 function of apphed voltage for (a) Cu (b)
4g and (c) Au s plotted as solid hnes (left
hand scale) The nght hand scale 1 the denved
value for a2F The background functions are
shown as short dashed curves and the phonon
density of states as long dashed curves

K A Av M
96 014 =003 016 014
140 010 =004 016 01s
162 014 ~ 008 021 016

the contactitself [which 1s even (8) 1n the
second derinative] The continuous data
were digitahized | — Dw)|onagnd of 05
mV A new energv scale shilled by A
was defined and the symmetric and

antisymmelric  parts n  the shifted
energy scale were found {D,(w) =
YiDw—-A' D o M)} The m

tegral A of the antisymmetric part was
defined as

"
A Dalw)de (10)

n
The shift A was varied in steps of 0 | mV
until A; was maximized This A was the
same for all noble metal potnt contacts
The resulting D, s are shown in Fig 3
together with literature values for the
phonon density of slates obtained by fit
ting Born von Kdrman models to n
elastic neutron scattering data (/4) The
close coincidence of the peaks in the sec
ond denvative and the transverse and
longitudinal peaks of the phonon struc
ture suggest that bulk phonons play a
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dominant role in the phenomena of point
contacts As the resistance at zero buas
R, 15 vanied the ratio y of the height of
the first peak to that of the flat poruon
above the second peak vanes mversely
with Ry'? Thus dR/dV contams two ef
fects o®F and the effect leading to the
relatively flat dR dV above the phonon
peaks By making point contacls of ex
tremely high R, (> 100 ohms) Yanson
(6) has shown that the flat portion can be
made small relative to the phonon effect
Because of its relative smallness at high
R, we have called the flat portion the
background (BG) effect Yanson only
used data with high R, 10 find a*F's we
wished a more global treatment After
some expenmentation we found thal the
functional shape

BG(eV) = B tanh®(3 eV/248,)  (11)

where 4 15 Boltzmann s constant given in
appropriate units and 8, 15 the Debye
temperature worked well B 1s a con
stant fit at 30 mV Thys fuactional form
yields the short-dashed curves in Fig 3
The difference between dR/dV and the
background s the derived absolute a?F
from these experiments The nght-hand
scales of Fig 3 are found from the values
listed 1n Table 1 and the derived relation
between dR/dV and a?F Apart from
Yanson s values, we know of no other
expenmentally determined a?f"s for
noble metals in the hterature To check
our results we integrated to find A as
A=2 J a’F/w dw (12)
o
These values are listed in Table 1 as A,
and are in close (= 15 percent) agree-
ment with the literature values Ag (/5)
and Ay (/6) Using the fitted background
function, we could denive similar values

® Cu win ow AR ‘

« Cuwth hgh AR

Res stance Rg lohm

Fig 4 The ratio B A (the background con
stant divided by peak height) as a function of
the resistance R, for two different values of
the residual resisuvity ratio

of A from dR/dV s for which R, ranged
from 2 to 30 ohms

On the basis of the coincidence of the
structure of our curves in Fig 3 with the
structure of the phonon curves oblamed
from neutron scattermg data and the
good agreement of our A s with those
from the literature we conclude that the
voltage derivative of the resistance of
tiny pomnt contacts (with background
subtracted) provides a simple and conve-
nient tool for measunng a’f 1n normal
metals

Background Effect

We now examine the background ef
fect in greater detail In Fig 4 we have
plotied the logatithm of ¥ the rauo of the
background constant B to the peak
height A of the derived a*F, against the
logarithm of R, for point contacts formed
from copper having (wo different values
of the residual resistivity ratio (RR) The
large dots in Fig 4 are for matenal
whose RR was 71 The small dots corre-
spond to samples formed from spears of
RR 71 and anvils of RR more than 4000,

with a4 geometric mean of 500 Plotted in
this wav the data show that the back-
ground effect 1s related 1o the impunty
concentration The constant B varies as
RR ' With this separation by RR the
data in Fig 4 are well fit by two hines of
slope =¥z that s y varies as Ry™'?

We beheve that the high current den-
sittes within the tiny contacts are benefi-
cial n that electromigration effects will
be swift anv impunty or defect will be
rapidly swept away from the contact In
this sense the contacts are  self-clean
ng
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Chapter V :

Colloque C6, supplement au n° 8, Tome 39, aoiit 1978, page Cé6 602

STRUCTURE OF CURRENT VOLTAGE CHARACTERISTICS OF METAL POINT CONTACTS

A.P. Van Gelder, A.G.M. Jansen, S. Scrassler+ and P Wyder

Research Institute for Materals, University of Wigmegen, Toermooiveld, Nigmegen, The Netherlands

Résumé.- La structure observée dans le signal de fond de d2J/dV? est caractéristique des contacts i

pointe métalliques. Elle implique la présence d'un processus 3 deux phonons. On explique ainsi indi-

rectement la forme du signal de fond.

Abstract.- Structure has been observed in the background signal of d2J/dv? characteristics of metal
point contacts, implying double-phonon backflow-processes. An explanation of the background signal

follows indirectly from this observation.

Point contacts between metals are useful to
determine the parameter azF, the product of the
electron-phonon 1interaction strength and the phonon
density of states, from the structure of the d2J/av?
characteristics (J = current, V = voltage)/1-4/.
Yanson/1/ forms the metal-constriction as a short
1n 2 metal-oxyde-metal geometry, whereas our junc-—
tions are manufactured by carefully pressing a
'spear' upon an 'anvil' with a differential screw
mechanism 1n combination with a pilezo-electric trans-
lator. The spear consists of a metal wire with an
electrolytically etched tip (v 0.5 p), the anvil 1s
a chemically polished metal surface. Qur method has
permitted an extensive research of high purity ma-
terials, like Au/Au (with an RRR z 500) . Phase sen—
sitive detection techniques have for 1nstance led
to the d%J/dV? characteristic of figure 1, which
exhibits a small reproducible signal 1f eV > hmD,
where wp 18 the Debye frequency of the metals.

In order to explain the observed structure of
the current-voltage characteristics, 1t 18 1mportant
to note that the exact geometrical form of the ora-
fice 18 not a priori1 known. Feor this reason, a num-
ber N of point contacts (assumed to be 1identical)
18 considered to represent the real junction, where-~
as 1n addition the tunneling probability for the
electrons (T) may differ from umity. The point con-
tacts are assumed to have a circular orifice with
radius b. The current J through a point contact has
been calculated by solving the semi-claesical Bolt-
zmann equation for electrons which interact with
the "lattice-vibrations and impurities/6/ The cou-
pling betwecen electrons and lattice 1s character:i-

zed by the parameter a?F = g(e), a function of the

Iy
Brown Boveri Research Centre, CH-5401 Baden, Swit=
zerland.
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Fig. ) : d2J/dV? characteristic (recorder output)
of an Au-Au point contact (resistance R = 2,27,
temperature of heliumbath T = 1.2 K) showing the
transverse (TA) and longitudinal (LA) phonon peaks
at 10 mV and at 17.5 mV. The small signal at 27 5
oV (TA + LA) 1s believed to be due to double phonon
scattering, followed by a backflow process.

phonon-energy (e) such that the energy-dependent
electron mean free path 1(e) 1s given by

1(e) = 217()(vl..)‘l &fde, g(e-€1). For our calcula-
tions/6/ 1t 18 assumed that the temperature 18 suf-
ficiently low that thermally excited phonons may be
1gnored ; this assumption 1s only reasonable for
such values of the applied voltage V that eV 1s lar-
ge compared with the temperature. If in addition the
assumption 18 made that excited phonons may be 1igno-
red, the current through the orifice may be expres-
sed as the sum of an (infinite) series of terms,
which may be labelled according to the number (n)

of collisions entering in 1t, and supplemented with
a factor bn+2 in view of dimensional considerations,
The leading term, proportional to b?, represents

the field-emission current through the contact, pro-



portional to V and the area of the orifice. The next
term, proportional to b?, accounts for the backflow
of electrons through the orifice. This backflow is
possible only after the electron has interacted with
the lattice and during the process spontaneously
created a phonon. The following term, proportional
to b*, represents the backflow contribution after
two collisions, with a net production of two phonons
etc. The kinetic processes corresponding with these

terms are shown in figure 2.

€ ”’””’f”

——
-—r &
Phonon €

————
& |
TP

Fig. 2 : Backflow process, following a scattering
event where a non-equilibrium phonon is spontaneous-
ly created.

For instance, the single-collision backflow term of
the current is proportional to b? {fvdez QSXel
g(e1-€;) for the process of figure 2. The experimen-
tally observed structure of d®J/dV? is hence propor-
tional to big(eV), in agreement with reference/1/,
but different by a numerical factor of 1.8). We find
that d4%3/dv? = -AT?Nb?.g(eV), with a constant

A= bﬂnoes(lvém)_l, for this process if n°, e and m
are the density, charge and mass of the electrons.
The double-collision term gives rise to a contribu-
tion to d2J/dv? proportional to T2Nb"“ {fvde g(e)
g(evV-¢), The small two-phonon contribution shown in
figure | is in good agreement with this term, and

of order b/1(eV) in comparison with the single-col-
lision one., It may be concluded that the main back-
ground signal saturating to a constant value if

ev > hmD cannot be explained in terms of multiple-
scattering backflow processes. The main background
signal can be shown to result from stimulated pho-
non-emission processes, involving the created pho-
nons, and is proportionsl to T2Nb“ 4fvds g(e)/

{e A(e)}, where A(g) is the phonon-mean free path.
The relatively large magnitude of this term, compa-
red with the double-phonon collision one, results
from the smallness of the phonon-mean free path in
comparison with 1(g). An unambiguous identificatiop
of the terms proportional to b’ and to b* (back-
ground) is possible, and hence of the function g(eV)
by comparing the d2J/dV?-characteristics of diffe-
rent point contacts. Typical values for N of order

1 ~ 5 have been found for high-ohmic junctions, and
tunneling parameters of roughly equal order of ma-

gnitude,
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Chapter VI : POINT CONTACT SPECTROSCOPY IN NORMAL METALS
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The behaviour of real superconductors can most clearly be described
on the basis of the celebrated Fliashberg equations, where the detailed
form of the electron-phonon interaction is explicitly taken into account
(see Prof. M. Peter, Theory of Real Superconductors). One of the impor-
tant ingredients of this description is the Eliashberg function uzF(m);
here, loosely speaking, a is some averaged electron-phonon interaction
matrix element, and F(w) is the density of states of phonons with energy
hw. It seems to be rather difficult to get reliable values for azFl
essential for the analysls of superconducting properties of real mate-
rials, from theoretical bandstructure calculations. Therefore it is of
considerable importance to be able to measure this function experimental-
ly. In part, this can be done by inelastic neutron scattering or diffuse
X-ray scattering, where F(w) is determined, or with the M&ssbauer effect
(measuring the moment f a2F(m)mndw, n=+1, +2) or with tunneling
spectroscopy with superconducting tunnel junctions. As the same electron-
phonon interaction is responsible for the resistivity, it should also be
possible to get azF from a suitable analysis of the temperature depen-
dence of the electrical resistance of metals.

It is the purpose of this note to discuss a new method (point contact
spectroscopy) which in principle allows to measure uzF in all reasonably
pure normal metals with a not too short mean free path £. Point contact

1,2
spectroscopy has been discovered by Yanson '

, who measured the voltage
dependence of the resistance between two evaporated normal metal films,
separated by an oxide layer with a short circuit that formed the metallic
contact. The same deviations from Ohm's law in simple metals can be seen
by measuring the voltage dependence of the point contact resistance be-
tween an electrochemically sharpened whisker (“spear") (with a curvature

radius at the "point" of some um) pressed against a bulk piece of metal
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("anvil®”), single crystals or not3'4. Fig. 1 shows directly the recorder
output of the current I and its first and second derivative with respect
to the voltage as a function of the voltage V applied over the point
contact, measured for such a "spear and anvil" arrangement in simple
off~the-shelf copper. The structure
v in the second derivative appears at

the typical phonon energies of Cu

N

3

i
?n w% longitudinal mode) and it is obvious
E; 3 ____:% that this signal is related to the
;I ///// e electron-phonon interaction in Cu.
‘ ; Although some exact theories of

!
AT\vf\vf* this effect do exist, bhased on the

solution of the full non-linear

alvrdi loibirary uris)

NEE) )

Veioge Vo Boltzmann equation, we will limit

ourselves here to a more heuristic

and pedagogical discussion.

The problem of the constriction
Fig. 1. Recorder sheet with (a)

current I and first derivative
dv/dI, and (b) second derivative two metals has been studied for the

d2v/ar2 plotted against applied
voltage for a Cu-Cu point contact.

resistance of a small contact between

first time by Maxwell quite some time
ago . He solved Poisson's equation

for the electrical potential V as a function of the position r, VZV(£)=0,
in oblate spherical coordinates. Contours of constant potential of a
current flowing thgough a constricting circular orifice of radius a are
given by V(r) = + 7?-[1 - (2/7) arctan (1/£)], where the oblate spherical
coordinate £ may be found from the more familiar spherical polar coordi-
nates r and z by solving the implicit equation r2/a2 = (1+£2)(1-z2/£2a2)
(Fig. 2). The two signs refer to the two sides of the circular orifice,
The resistance of such a contact may be found by dividing the total vol-
tage drop (here Vo) by the total current flowing through any contour of
constant voltage. For simplicity we choose the contour V(r)=0, that is
the orifice itself (£=0). The total current is then given by I = I Qao-3.
Explicitly using Ohm's law in the form jz = UEZ = (1/p)-(3V/32Z), where

0 = 1/p is the conductivity of the bulk material, one gets for the

Maxwellian resistance

R, = (p/2a) . (1)

(one sees clearly two transverse and one
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Fig. 2. Maxwell's solution for
current- and equipotential-
lines for the constriction
resistance.

For finite K, a suitable
interpolation between

(1) and (2) can be
found by solving the

Egs.

linearized Boltzmann
equation with the varia-

tional principle, and one

7
gets

R = (p/2a) *T(K) +
(3)
(4/3n)-K-(p/a) .

It is obvious that the validity of
this calculation breaks down if the
mean free path £ of the electrons be-
comes comparable to the size of the
if the Xnudsen number

orifice a, i.e.

K = 2/a is getting important (Fig. 3).
The limiting case for large K has been
discussed by Sharvine. If there is a
voltage drop V across the contact, the
electrons passing through the orifice
are getting a speed increment

Av = eV/pF, where Pp is the Fermi mo-
mentum. The current due to this speed
increment is then given by I=ﬂa2neAv =
naz(nez/pF)V, where n 1s the particle
density. Using a Drude-like expression
for the resistivity p = pF/(nezl) one
gets for the resistance of a point
contact in the high K regime

Rg = vV/1 = ol/(waz). An integration
over all angles gives the numerical
factor in front and leads to the

Sharvin resistance

4 pR 8 .
Bs " T waZ T i3p) KRy - (D
Fig. 3. Point contact in the Knudsen

regime.



T(K) is a slowly varying function of K with I'(k=0)=1 and T(K==)=(972/128).
The first term in Eq. (3) is like the Maxwell resistance, the second
like the Sharvin resistance.

If the mean free path L is energy dependent, £=L(E), one gets a vol-
tage dependence of R=R(V), As the combination of p.% in the Sharvin-like
term in Eq. (3) 1is independent of the mean free path &(e), only the first

term enters the partial derivative

3R _ 3R ot 2 1
— —u‘ — ———————
v v T 53 3v [z(z=ev)) - 4)

Note that the Sharvin-like term in Eqg. (3) leads to no structures;
however, the term is essential as he allows to set up an electric field
over the point contact, otherwise impossible in a metal.

Assuming the validity of Matthiessen's rule, the total mean free
1 -1
=12

imp imp
scattering length due to impurities. 2ep is the mean free path due to

path £ is given by L” + 2;;, where £ is the energy independent
the electron-phonon scattering, L(F) = vF~T(E). The lifetime 1(E), due to
the electron-phonon interaction of an electron with energy E above the

Fermi level, is given by using the "golden rule" as

1 _2n 2 _ _
== -h—)Z( lag|” [8te e, hu ) (N +1-F )48 tho e ) (N +£) ] . (5)

Here, gq is the matrix-element for the electron-phonon interaction for a
phonon of momentum q and energy hmq, ep and € the energies of electrons
with momenta p and k, Nq the Bose distribution function of the phonons
and fk the Fermi distribution function of the electrons. Replacing the
k-summation in the usual way

J=n [a -39 (6)
k (ZkF)

where No is the density of states at the Fermi level, and introducing

the Eliashberg function

2 a 2
a’rlw) =N [ (&5 qul Stw-v) (7
2k
F
one gets
1 2n 2
&7 - ¥ [ aw a“Fe) [ 28(w) +1-£ (E-hw) +£ (E+hw) | . (8)
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At T=0, this reduces to

1

;TEﬁF:BT = %} I dw GZF(N) ] (hm-E) . (9)

Therefore, one finally gets as the grand result for the voltage derivative

of the point contact resistance

ar, . _ ol 2re 2
TV =5 T fiv, © Flev) . (10)

Eq. (10) allows a direct determination of the energy dependence of the
Eliashberg function uzF(m).

Fig. 4 shows the point contact spectrum dR/dV of Au, together with
F(w) determined by inelastic neutron scattering. As expected, the van Hove
singularities measured by the two different exveriments coincide. Fig. 5

shows point contact spectra for all noble metals, again together with F(w)

80 /
I Au-Auy
60}- - / Flw)
§_ 1
- I
ol i\ !
2 \/
pio] o
g .- \
- 1 1 1 I
10 20 30 40
Voltage (mV)

Fig. 4. Point contact spectrum of a Au-Au point

contact. Long-dashed curve: Phonon density of

states from inelastic neutron scatttering.

Short-dashed curve: Background signal.
as determined by neutron scattering. As an interesting detail, Fig. 5d
shows the point contact spectrum of a Au-spear with a Cu-anvil; the
phonons of both metals, Au and Cu, can clearly be detected indicating
that spear and anvil together are responsible for the signal. From the
point of view of understanding the electron-phonon interaction in noble
metals, it is very important to note that the ratio's of the azP to the
related F(w)'s show a strong w or energy dependence, Transverse

phonons couple to the electron gas about four times more effectively



Fig. 5. Measured voltage derivative of
the resistance of point contacts as a
: CuCy -0 function of applied voltage of (a) Cu-Cu,
(b} Ag-Aq, (c) Au-Au and (d) Cu-Au plot-

]

T
a
~

Sw- ® lf_mmm’-m5§ ted as the solid lines. The right hand
> 4o} V7 \ M) -ﬂwg scale is the derived value for alF .
E ' Lot ) 3 In (a), (b) and (c), the backgroungc
*r e Y ¢ functions are shown as short-dashed
ol A Y curves and the phonon density of states
wl- Los from neutron scattering as long-dashed
curves.
ﬂ“? than longitudinal phonons in noble metals.

This 1s consistent with the results of

bandstructure calculations showing that

d-electrons are important and are

Jois strongly umklapp coupled to transverse

[ 8 c Au Av .
phonons in noble metals.

(17A)

= : 2
.awE It is interesting to compare a'F as

measured with point contact spectroscopy

dR/dY

with theoretical bandstructure calcula-

tions of the electron-phonon interaction.

The most detailed and reliable pseudo-

d Cu Au
? [ g potential calculations have been carried
% : Iib‘/;:\\ '“”5 out on the alkalis’. Figs. 6, 7 ;nd 8
% |/, ﬁ . \ _ & show point contact spectra for a'F for
VAN 'y Li, Na and X, together with theoretical
° ° wm: - ® calculations, and F(w) determined from

inelastic neutron scattering. The agree-
ment is remarkable and confirms the pseudopotential calculations. Note
that in Li, just as in the case of the noble metals, the electrons are
more strongly coupled to the transverse phonons than to the longitudinal
ones, while in the case of Na and K it is the other way around.

It is very clear and obvious that the theoretical discussion on the
mechanism of point contact spectroscopy as sketched here is at most a
guideline for experiments, The full nonlinear Boltzmann equation has to
be solved in order to understand these highly nonlinear phenomena. This
sort of solutions are now becoming availableg'lo. Most of them are based
on the "back-scattering" concept of van Gelderloz The solutions of the

Boltzmann equation are expanded in terms of the collision kernel. The

zeroth approximation is a Sharvin-like field-emission term where electrons
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Fig. 6. Point contact spectroscopy of Li.

2 H 2 2
d?v1d F(10VIAY) aFlw) The two solid curves (left hand scale) in
12 the top part are measured point contact

E spectra for Li (junction resistances
8 {012 & 25.4 Q (uppermost curve) and 11.8 Q).
0083 The dashed curve is the theoretically
4 ) ] obtained function aZF (u) (Hayman and
—0045 Carbotte). The curve in the bottom part
0 \ e represents the phonon density of states
16 F(w) obtained from inelastic neutron
scattering experiments,
12
08
04
0 I
F (w)
ot
2t
P
o0 20 40 60
Energy (meV)
7 dIXVIA) o*F (W){dimensionless) dvrdi’(via?) o’F (W) (dimensionless)
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40 016
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J o8
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Energy (meV) Energy (meV)
Fig, 7. Point contact spectroscopy Fig. 8. Point contact spectroscopy
of Na (junction resistance 2.9 Q). of K (junction resistance 1.1 Q).

The dashed curve (right hand scale) is the theoretically obtained function
a2F(w) (Carbotte and Dynes). The curve in the bottom part represents the
phonon density of states F(w) obtained from inelastic neutron scattering
experiments,
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are injected into the other metal, leading to the disturbed Fermi sur-
faces as sketched in Fig. 9. While this does not lead to a voltage depen-
dent structure in the signal, the first order term is given by the
back-streaming of the electrons through the orifice, after one scattering
with a phonon. This term leads to a decrease in the total net-current

and therefore to an increase in the resistance, an essential difference
with the usual tunneling process through an oxide layer which should be
pointed out clearly. The second order corrections11 include collisions
with two phonons before the electron is scattered back through the
orifice; this leads to a signal at twice the characteristic phonon energy,
and can clearly be seen in Fig. 7 at energies of around 30 meV, while the

typical Debye energy is at 15 meV.

RN
(EF z)i \\

eV
(E,_- 2)

Fig, 9. Zeroth approximation electronic distribu-~
tion function for the theoretical analysis of
point contact spectroscopy.

In addition, due to the kinematics involved, the theory predicts an

2
interesting efficiency factor. The measured signal is not quite a’F, but

= 9dg. 2 1
sw) =n_ [ (2k2) lgql 8 (w-w In(q) (11)

where the efficiency factor n{(q) is a function of the scattering angle

6=6(p,k) . For instance in the expression for the simple dc-resistivity p,
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n leads to the well known transport-relaxation time with the famous

ndc(q) = {1~cos@(p,k)}, while in the case of point contacts one has

n_ == {1-8/tq8} . (12)

pe

o

As follows from Eq. (12), npc is effective for low phonon energies. This
can clearly be seen in Fig, 10 where aszC measurements from point con-
tact spectroscopy in the normal state of Pb are compared with measure-
ments of ath from strong coupling tunneling in the superconducting

state using the Rowell-McMillan scheme.
As there are no phonons

dR/dV (arbitrary units) present above the Debye cut-
thermal average
wf "omtumﬂm; off frequency whe i.e.
| pointcontact ~ =
08 \\‘f\ . spectroscopy Flw > ©,)=0, the point con-
R tact spectrum should vanish
06 for energies ev > th. Never-
0L theless, as is indicated in
02 Fig. 2 with the short-dashed
o curve, a "background signal"
16 is present on top of the
Flw) (mev)-! 2
atf(w) --%]2 a ch—signal which levels
- A tunneling- - off at a constant non-zero
12r Ill ;";7‘:1‘;:7%?1 q'e value for energies above w.
il -1
10 i [Rowell- This can be understood by
| ! McMillan-scheme) 108
o8k n ! — realizing that in these
[ I
OGL /N ii -1 08 highly nonlinear processes
- {
- ! ! ’f l'./P:"':t“a’;‘de"S"Y o4 the presence of phonons which
i A 0 es
oir V| (peutron- = are not in thermal equili-
§ v | scattering) doz
02} brium has to be taken expli-
-
(S S T T G S T RNt citly into account. It is
4 8 1 16
ENERGY {meV) possible to show that this

Electron-Phonon-Interaction in Pb
¢ background signal (constant

Fig. 10. Comparison of 02F of Pb as mea-

sured by point contact spectroscopy in
the normal state and superconducting tun- to the stimulated emission of

neling in the superconducting state.

for energies ahove wD) is due

phonons during the back-flow

process.
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Chapter VII : TEMPERATURE DEPENDENCE OF POINT-CONTACT SPECTROSCOPY

IN COPPER.

ABSTRACT

The current-voltage characteristics of Cu point contacts have been
studied experimentally between 5 and 300 K. The effect of the temperature
on the measured dZV/dIZ-curves 1s a broadening of the spectrum for the
electron-phonon interaction in the metal. The measured resistance of a
point contact 1s compared with the resistivity of bulk material as a
function of the temperature. An analysis of the broadening of the spectra
and the temperature dependence of the contact resistance 1s given.
Differences between the temperature dependences of the resistance of a
point contact and that of the bulk are ascribed to different transport

efficiencies for the electron-phonon interaction in these two cases.
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I. Introduction.

During the past few years a new spectroscopic method has been employed
for studying the electron-phonon interaction in metals using point contacts
between metals. The experimentally observed current (I) - voltage (V)
characteristics of a metallic contact at liquid helium temperatures are
non-linear and allow a direct determination of the well known Eliashberg

2 2 2
function a F(w) by measuring the second derivative 4°V/dI" as a function

.2

of the applied voltage1 . azF(w) 1s the product of the density of states
of the phonons and the squared matrix element for the electron-phonon
1nteraction, averaged over the Fermi surface. The great importance of
this point-contact method lies in the fact that 1t 1s up to now the only
existing method to obtain such detailed information about the electron-
phonon interaction in normal metals. Recently also theoretical work3’4
becomes available, which solves the Boltzmann equation for the point-
contact problem in order to explain the observed phenomena in the experi-
ments.

In this paper we present point-contact experiments, which for the
first taime have been performed within the entire temperature range between
liquid helium and room temperature, in order to investigate the tempera-
ture dependence of the spectroscopic data. With increasing temperature
the experiments show that the measured dzv/dlz—spectrum 1s broadened due
to thermal averaging. A weight function gaven from a theoretical analysis
of the point-contact problenm describes the broadening very well. Further-
more, the theory predicts an analogous behaviour for the temperature
dependence of the point-contact resistance and that of the bulk resistivity
arising from the electron-phonon interaction. Our experiments show a

strong similarity between the measured point-contact resistance and the
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bulk resistivity as a function of temperature. Small differences between
the point-contact resistance and the bulk resistivity may be ascrabed to
small differences of the efficiency of the electron-phonon scattering
process. In the next section we will discuss theoretically the current
through a metallic point contact as a function of the temperature and

the applied voltage. From the expression for the current we obtain the
voltage derivatives (first and second) of the current. The experiment will
then be described, and the experimentally determined dv/dI- and dzv/dlz—

curves for Cu point contacts are presented and analysed theoretically.

II. Current-voltage relations for a point contact.

The interesting behaviour of a point contact in the clean limit, 1.e.
1f the linear dimension a of the metallic contact is smaller than the
mean free path & of the electrons, has been realized for the first time
by Sharv1n5. Due to the applied voltage over this type of junction, an
electric field exists within the metal in the region of the contact, and
the electrons are accelerated by the electric field near the oraifice. Via
1nelastic scattering processes with elementary excitations (e.g. phonons)
in the metal a relaxation of the accelerated electrons takes place,
yielding a non-linear current-voltage characteristic as a result of the
energy-dependent electron-phonon interaction. To calculate the current
through the orifice one needs the distribution function of the electrons.
The Boltzmann equation for the distribution of the electrons has been
solved for this problem by 1iteration with respect to the collision term,
taking into account the appropriate boundary condltlons3'4.

In zeroth order (where the collision term in the Boltzmann equation

1s zero) a dastraibution function 1s obtained for the electrons with an
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energy difference for electrons which have or have not passed through the
orifice, due to the potential drop eV over the contact. Using this dis-
turbed distribution function, the Sharvin cur:ent5 1s obtained and is

given for a circular orifice with rodius a by

2
Ima V = v
40 R~
e 0

3n 2 .
= a f de[ f(e-ev)-f(e) ] =

10 yvs) (1

The product p2 (p 1s the resistivity and £ the mean frec path of the elec-
trons) 1s a material constant and satisfies pf = va/noe2 (Drude formula),
where m, e and Ve are the mass, the charge and the Ferrni velocity of an
electron and n, the density of electrons in the metal. f(e) 1s the equi-
librium Fermi distraibution function for electrons with an energy € with
respect to the Fermi level. We have assumed that the electronic density

of states 1s constant near the Fermi energy E_ for applied voltages with

F
eV << EF; self-energy effects are hence ignored.

In next order, single collisions involving phonons are taken into
account. These inelastic collisions give a negative correction to the
current, because the electrons can change their momentum and flow back
through the orifice after a scattering process has occurred. In first

order, considering only single collisions and ignoring departures from

equilibrium of the phonon system, the correction to the current 1s given by

3 @
4ma
I, = - h_w_Fp_l {m del £(e-eV)-£(e) ]

x [ aw asz(w)[ 1+2v(w)+£ (e+w) -f(e-w) ] , (2)
o
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where v(w) 1s the Bose-Einstein distrabution for the phonons. The factor

[ £(e-ev)-f(€e) ] equals the density of injected electrons of energy e,
relative to the Fermi level of the low-voltage side of the contact. Tne
energy levels e+w (with respect to the low voltage side) correspond with
electrons, which flow back through the orifice after spontaneous or
stimulated emission (f-w), or stimulated absorption (e+w) of a phonon

with energy w has taken place. In the expression above the electron-phonon
interaction function azF has a subscript p to indicate that in the specific
point-contact geometry asz differs from the usual a2F of Eliashberg by

an efficiency function n(89) = %(1-8/tgb), which depends on the scattering
angle 6 between the velocaitydirections of the electron before and after
the collision event with a phonon6. In a similar way, one has defined 1n
the DC-transport theory for the calculation of the electrical resistivity
the function a2F 7, involving the well-known efficiency function

tr

(1-cosf). If the temperature T 1s zero, equation (2) reduces to4

I = 4*’a3

P ey Fary o
- —— de de, o' F (e,) . (3)
1 hevaL ° 2 5 1 p 1

It should be noted that I1 1s of first order 1in a/lep, because

I, v I_a/% ; here
ep

/8 (e) = f—“—f dw o2F (@)[ 1420 (@) +£ (e4w) £ (e-w) | (4)
ep VF o

1s the 1nverse of the electron-phonon scattering length for an electron

with energy € above the Fermi level (Fermi's golden rule).
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In point-contact spectroscopy, the derivatives of the current-voltage
characteristics show interesting phenomena. Differentiating the current

I-= IO+I1 with respect to the applied voltage the temperature dependence

of the resistance at zero voltage 1s given by:

J e w/2k_T
2
Ry(T) = Ry + Ré hjﬂaz [ dw a“F_(w) 5 B (5)
Fp o sinh (m/2kBT)
for the case where RO(T) - RO < Ro. A similar expression can be found for

the temperature dependent resistivity in bulk material with the electron-

phonon interaction function uthr 7:
] w/2k_T
2Tm B 2
p(T) = 5 [ aw aF, () . (6)
hnoe o sinh (w/2kBT)

The second derivative of the current 1 = I0 + I1 with respect to the

voltage V 1s

2 3 =
a1 __Jtae f dw a2F (w) x(
by p

1 w-ev
T h
av? Vet _

k T
B

) . (7

x{(z) 1s a bell-shaped function with half-width 5.4 kBT:

z
1 z (z-2)e +2+2
L o7 lzm2le rzre (8)
kT (e2-1)

x(z) =
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In inelastic tunneling spectroscopy for metal-oxide-metal structures with
. Lo . 8
normal metal films a similar thermal broadening was found . For T = 0
2 2 - 2 . .
d"1/dv” becomes proportional to a Fp(eV) and in point-contact experiments
at liquid heljum temperatures a direct determination of the electron-phonon

3 dZI/dvz)

interaction is possible. We have measured the spectra d2v/d12(=—R
for Cu point contacts between low temperatures and roomtemperature. Using
the spectrum for the lowest measuring temperature (5 K), which is propor-
tional to azF , it is possible to check the validity of equation (7). In
addition, we have also investigated the temperature dependence of the

point-contact resistance at zero voltage and compared this result with the

measured electrical resistivity of bulk material.

III. Experiments and results.

The experiments were performed for copper point contacts. The point
contacts consisted of a sharply etched needle, pressed against a flat
surface of bulk material. The needle was fabricated by electro-chemically
etching of a polycrystalline Cu wire, 50 uy in diameter. The other part of
the contact was a single crystal of Cu with the (110)-plane parallel to
the contact surface. The point contact was mounted in a holder, which was
totally fabricated from copper except for the electrical isolation, to
avoid the instability of the contacts upon cooling down because of differ-
ent thermal expansion coefficients of the materials used in the sample
holder. With a screw mechanism stable metallic contacts were adjusted at
roomtemperature and mounted in a variable temperature cryostat to control
the temperature between 300 and 5 K with an accuracy of 0.5 K. In this
configuration it was possible to obtain stable point contacts, and reliable

in the sense that the contact geometry remained unchanged during a run
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between roomtemperature and heliumtemperature. The derivatives (dv/dI and
dzv/dlz) of the current-voltage characteristics were measured using phase
sensitive detection with modulation voltages in the range of 500 uv.
Because the change in the contact resistance 1s only a few percent, we
used a bradge c1rcu1L9 to compensate the unchanging part of the resaistance
1n order to achieve higher resolution.

In the Figs. 1 and 2 we have plotted the measured dzv/dIz—curves for
Cu-Cu point contacts between 5 and 40 resp. 270 (K). The observed second
derivative 1s an anti-symmetric function around zero voltage. For the
lowest measuring temperature, the transverse (17 mV) and longitudinal
(28 mV) phononpeaks are clearly visible. The mecasured structure in the
Cu point-contact spectra 1s characteristic for point-contact spectroscopy
and has been observed in pressure-type point-contact experiments in all
tlre noble metals (Cu, Ag and Au) at liquid helium temperdturesz. According
to formula (7), the measured spectrum at low temperatures will be pro-
portional to the electron-phonon interaction asz(eV). Sometimes we
observed (see Fig. 2) structure at the sum-frequency of transverse and
longitudinal phonons (45 mV). These signals at double phonon frequencies
were recently observed in point-contact exper1mentslo and can be explained
by an extra iteration in the solution of the Boltzmann equation 1nvolving
double collasion processes4. For voltages higher than the Debye energy,
the measured signal should vanish because the phonon density of states
1s zero. In the experiment however, a smooth background signal 1s observed
which 1s nearly a constant above the Debye energy. It has been realized
that the phonons are not in thermal equilibrium at the orlflcelo. The
non-equilibrium phonons act as additional scattercenters for the electrons
(stimulated emission and absorption processes), which yield an extra

negative term to the current. By solving the transport equation for the
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Fig. 1 : Point-contact spectra for Cu between 4.5 and 40 K. The dashed
lines (shifted one division on the vertical scale) have been
calculated by means of the theoretical given thermal average
of the spectrum at 4.5 K. The point-contact resistance was

2.2 Q at low temperatures.
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Fig. 2
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Point-contact spectra for Cu between 5 and 270 K. The dashed
lines (shifted one division on the vertical scale) have been
calculated by means of a theoratical given thermal average of
the spectrum at 5 K. The point-contact resistance was 1.7 Q

at low temperatures.
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phonons a signal in the point-cortact spectrum has keen found, which is
10
constant at voltages above the Debye energy .
By increasing the temperature from heliumterperatare up to roomtem-
perature, the point-contact spectra were smeared out due to thermal
averaging. Eg. (8) gives an expression for the thermal averaging function x.

Using the measured spectrum at T, -

0 5 K, we have calculated by a con-

volation product the spectra at higher temperatures T as follows:

10 k_T 2
B dv E-eV
[ae =®)| X 7 - (9)

ar T -10 kBT d1 T B eff

In the arqument of the function X, we have taken an effective temperature

2 2
Teff = VT —TO instecad of T, as we are interested 1n the spectral averaging

due to the temperature difference between T and T We have subtracted

o

the temperature T from T, quadratically in analogy to the quadratical

0
addition of the standard deviations, or equivalently the linewidths for
tne superposition of Gaassian distributions. The introduction of this
effective temperature will only have an cffect on the analysis of the
spectra at the lowest measuring temperatures. For the signal values at
voltages beyond the measured voltage range, a linear interpolation of the
spectrun at the lowest measuring temperature was used. The calculated
results, indicated by the dashed lines 1in the Figs. 1 and 2, show that
the thermal averaging 1s very well described by the fuanction x. In
section II we haven't discussed the influence of the temperaturce on the
background function, on which tre electron-phonon interaction function

2
o Fp 1s superamposcd. Because the background function will be a smooth

function of tle applied voltage, tane averaging will nardly infiucnce the
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background for temperatures T < 100 K. For temperatures T > 100 K the ex-
periments show that the broadening of the background i1s equally well
described by the function Y.

A great part of the temperature dependence of the resistivity in a
metal 1s determined by the electron-phonon interaction. Egs. (5) and (6)
show that the behaviour as a function of temperature 1s similar for the
resistance of a point contact and the resistivity of a bulk metal, except
for differences i1n the efficiency of the collisions. To look into thas
problem, we have also measured 1in detail the resistance of a point contact
at zero voltage as a function of temperature. First we will look at the
qualitative difference in the contact resistance between roomtemperature
and liquid heliumtemperature. It 1s not unreasonable that the weighted

in Egs. (5) and (6) are roughly equal,

2 2
integrals over a F_ and a F
P tr

because in the high temperature limit the weaghted integrals reduce to the
expression for the mass-enhancement parameter A = 2 f azF(w)/m dw for the
electron-phonon interaction, which can be shown to be equal for azFP and
athr due to a sum-rule argument6. With the eguality for the weighted
integrals we obtain for the temperature dependent part of the resistance
of a metallic contact, usaing Egs. (1), (5), (6) and the Drude formula

2
pl = va/nOe

R(T) - R, = 0.360 . (10)

11
This expression resembles the Maxwellian constriction-resistance
(RM = p/2a) for a circular contact in the dirty limat, 1.e. the electronic

mean free path 1s small compared to the linear dimension of the contact,

where Ohm's law 1s valid. Using formula (10) and the resistivity p(T) at
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roomtemrperature we can estimate from the experimentally measured variation
in resistance between helium- and roomtemperature the linear dimension a
of the orifice. The radius of the orifice can also be determined from tne
Sharvin resistance measured at low tempcratures (Eq. (1)). Using Egs. (1)
and (10) we established the valaes of the radius of the contact for all
measured point contacts, which agreea within 10% for the two determinations.
From this we can conclude that the assumption of a single circular orifice
gives a realistic description of the point-contact gcometry.

In Fig. 3 we have plotted the measured temperature dependence of a
Cu point-contact resistarce. In the same figure we have also given as a
dashed line the resistance of a piece of bulk wire from which the sharp
needle of the point contact was fabricated. For a relative comparison,
the scaling of the two curves in Fig. 3 has been done 1n such a way that
the curves fall together at low temperatures and have the same slope at
higher temperatures. The overall dependence on temperature 1s similar for
the point-contact resistance and the bulk resistance, but the observed
difference 1s characteristic for our experiments on point contacts and
bulk material. An explanation for this difference 1in the temperature
dependence of the resistance could lie i1n the fact, that the two parts of
the point contact have not been fapricatea from the same starting material.
The deviations in the temperature dependent resisitivity, due to different
purities of samples are known as Deviations of Mathiessen's Rule (DMR),
which are smaller than the resiaual resaistaivity at low temperaturesl?. In
our case the difference in the two curves at higher temperatures 1s approx-
imately two times the residual resistance of the bulk wire and cannot
likely be described in terms of DMR. One part of the Cu point contact is
a single crystal which might yield a different spectrum for a?Fp compared

with a polycrystalline sample. However, 1in pressure-type point-contact
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Fig.
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Point-contact resistance as a function of the temperature.
For comparison the dashed line represents the resistance of
a bulk-wire (spear-part of the point contact). The values
Ap(T) and Atr(T) correspond to the difference between the
measured resistance and the straight line through R(T=0)

parallel to the high temperature limit of the resistance.
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experiments on Cu no strong dependence was observed in the measured spectra
for different crystalline orientations of the point contact2'13. We there-
fore conclude that the difference as shown in Fig. 3 might be due to the
efficiency functions for the electron-phonon interaction in the bulk
resistivity and the point-contact resistance.

To show the influence of the efficiency function more clearly we will
analyse Egs. (5) and (6) for the resistance of a point contact and a bulk
sample. We define a function A(T} = TH R(0)-R(T) ]/[ AR/dT], denoted as
Ap(T) 1f R 1s the resistance of the point contact, and as Atr(T) 1f R 1s
the resistance of the bulk material. The function A(T) corresponds with
the difference between the measured resistance and the straight line
(R(T) = T(%%)T=m) parallel to the resistance at high temperatures. The
experimental results in Fag. 3 aindicate that §{A(T)} = AP(T)—Atr(T)<O. It

follows from Egs. (5) and (6), that A(T) = T-T{ P(T)-Q(T) JA P(T)Y+Q(T) ] or,

approximately

A(T) = 2T Q(T)/P(T) (11)

for the case (Q/P) << 1, where

x2chx—xshx

sh3x

T = [ dv «’F(w) q(w/k,T) 5 qlx) =

(12)
x2chx

[ aw a’Fw) plo/kym ; plo = S .
sh™x

P(T)

For the function a2F in the definitions of Q(T) and P(T) we take asz for

the function AP(T) and athr for the function Atr(T)' The ratio (Q/P)
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decreases roughly like (1/T) and appears to be quite small compared to
unity. Eg. (11) 1s useful for comparing the differences between the trans-
port efficiencies for point-contact and bulk resistances. For this purpose
the difference §{A(T)} = AP(T)—Atr(T) can be related to the difference

2
6{a2F(m)} = a2Fp(m)—a F__(w) in the electron-phonon intecraction functions

s{am} _ g _ 8P _ 2 q(w/kT) _ plw/kI)
T "o P [ aw s{a“Fw)} [ o (T) TORL (13)

The raight hand side of Eq. (13) vanishes 1f one substitutes d{azF} >
const. azF, by virtue of the defining equations (12). Consequently, the
factor of the integrand between brackets on the right hand side of Eq. (13)

2
must have at least one zero at wo (C < uo < wD) because a“F 2 0. A number

of conclusions may be drawn from the experimental fact that §{A(T)} < O.
2
For instance, 1t 1s not possible that the function o Fp 1s shaifted to

2
higher frequencies compared with a F__, such that d2F < u2F at w < w
tr P tr o

2 2 2
and a Fp > a Ftr at w > mo. Because of the normalisation f do o Fp(w)/m =

f dw athr(m)/m 1t 1s not allowed that the difference between asz and
a2Ftr wi1ll be positive or negative for all frequencies. We hence conclude

2 2
that the function a Fp 1s snifted to lower frequencies compared with o F

2 2 2 2
such that o F_ > a F at w <w_and a F_ < a F at w > w . We want to
P tr e} P tr o

tr

compare this result for the electron-phonon interaction functions asz and
uZFtr with the behaviour of tne efficiency functions of tne scattering
mechanism at small phonon frequencies. For normal processes the efficiency
functions 1(8) and (l1-cos®) behave both like w2 for small angle scattering
at low frequencies, and therefore no difference 1s expected between azF
and athr. Umklapp scattering however 1s much more dominant in the noble

metals and particularly important in the point-contact case because of the
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singularity in the function n(0) at 0 = w. Consideraing umklapp scattering
as the main contribution to the electron-phonon interaction function, we

1
:. According to these arguments

find that (l-cos8®) « const. and n(8) = w
2 2
the w-power will be smaller for a Fp than for a Ftr' which yield a stronger
2
signal of o Fp at low energies. This 1s i1n agreement with the result,

deduced from the experimentally measured temperature dependence of a point-

contact resistance and that of bulk material resistivity.

IV. Conclusions.

Point-contact experiments were performed betweer 5 and 300 K. rhe
2 2
measured d"V/dI -curves of Cu point contacts showed thermal broadening
of the structure, caused by the electron-phonon interaction, upon in-
creasing the temperature. A thermal weignt function, obtained from a
theoretical analysis, fits tne experimental result very well. The measured
resistance of Cu point contacts revealed interesting bechaviour as a
function of the temperature, which resembled the resistivity of bulk
material. In a relative comparison one observes that the resistance of a
poant contact increases more rapidly than the resistance of bulk materaal.
We concluded that the relative difference could be reduced to differences
2 2
1n tne electron-phonon interaction ¢ F fcv a point contact geometry (a Fp)
2

and bulk material (a Ftr). On the basis of simple arguments, which include
that umklapp processes are dominant over normal processes in noble metals,

2 - 2
the a FP-SLgnal w1ll be stronger at low frequencies than the a Ftr—SLgnal.
As the weight function in Egs. (5) and (6) dominates at low frequencies,

2

the difference 1n the o F-signals 1s 1n agreement with experimental obser-
vation. Note however that a more detailled analysis 1is needed to support

thi1s conclusion, for instance because of the non-sphericity of the Fermi-
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sphere 1n copper. These problems are similar to the calculation of the
temperature dependent resistivity. It 1s of interest to determine the
power law of the temperature dependence of the point-contact resistance
at low temperatures to study the relevant scattering processes 1in a
poirnt-contact geometry, 1n analogy to experimental work on the tempera-

ture dependence of the resistivity in bulk material.
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Chapter VIII : APPLICATION OF POINT-CONTACT SPECTROSCOFY IN METALS

TO THE KONDO PROBLEM.

ABSTRACT

A general relationship between tre characteristic structure in the
electrical resistance of a point contact between two metals and the
dynamics of the scatterers 1s used to discuss new experimental results
on Kondc systems. The methcd allows to measure directly the energy

dependence of the relaxation time of the conduction electrons.



The problem of point contact spectroscopy with respect to the elec-
tron-phonon interaction has recently been discussed in several papers1
Here we want to show that the method can be generalized to obtain infor-
mation on the dynamics of arbitrary scatterers. In particular we have
applied the method of point contact spectroscopy for the first time to
Kondo systems.

The expression for a current I flowing through a point contact 1is
given by I = ff dx dy jz(x,y,O), where the 1ntegral :s taken over the

surface of the orifice. The current density j 1s given by (unit volume)

1(x) = 2e E xt fk(E)' Here, Xi.ls the band velocity with wave vector k
and the electron distribution fk(E) satisfies the Boltzmann equation
e af
Wl * i B LR T o], W
- - - - coll

The electric field E must be determined from Polssons equat:ion

-0¢ = eV:E = - e—}{( £ () (2)

The following boundary conditions must be satisfied:

fk(z >t ®) = fT(e(E)), $(z » % @) =1 oy/2 (3)
fT 1s the equilibrium Fermi fanction and V tre applied voltage over the
point contact. €(k) 1is the electronic energy measured relative to the
chemical potential p. The collision term in Fg. (1)} for scattering of the

electron from an arbitrary target (phonons, spins, etc.) 1s

116



f _ , e _
-5 = I TOkUE (-f, TR KIE, (12, ) (4)
coll k' - - - -
where
TGk = 25V p. (e —e,~(c. e ,1) |<k' £lulk 1>]? (5)
== h 1 £ X' - - :

1f —

Here p, 1s the probability for the target to be in the state 1 and el

and € are the i1nitial and final energies of the target. U describes

the interaction between scatteraing electrons and target.

Of particular interest 1s the voltage dependence of the point contact
resistance R(V) = dV/dI because 1t contains information about the
scatterer and the interaction. This information can be obtained easily
only in the lamit where the mean free path 1s comparable or larger than
the diameter d of the orifice. Therefore 1t 1s appropriate to solve
Egs. (1) and (2) by iteration with respect to the collision terms. In

(o)

1
zeroth order one obtains™ I = eD°<[vkz|>oV, where Do 1s the area of

the orifice and <ree> z oo 6(ek—w). In first order the result 1is

k

I(l) = I(o) + AI(l), where
(1) ev W
AT = -2e [ Qw f du' <<Tlk,kDK(KED> >, - (6)
o o

The weight factor K(k,k')} in Eq. (6) 1s the common volume defined by the
two cylinders constructed with the boundary line of the orifice and whose

walls are // to o respectively. In the case of independent lo-

T %7 Sk

calized 1sotropic scatterers the change 1n the resistance 1s given by

(o}
a

R =R + AR, where R = V/I nd
e} o
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eV
AR = C [ du' I'(eV,w')N(eV)N(x') . (7)
o]

2 2

Here C = R 2e”~ <<K(k,k'})> > , and N(w) = <1> /<1> is the normalized
o ='="90o0 w o

density of states. The relaxation time T for an electronic state with

energy eV above the Fermi surface is

ev
thew) = ] TGk = <i> [ Tlev,whiNhast . (8)
k' o

For a dilute system the resistance change linear in the target concen-

tration is simply related to the relaxation time by (N(w) = 1)

C

-1
s T (ev) . (9)

AR =

It follows from Eqg. (9) that it is possible to measure directly the
energy dependence of the relaxation time T(w) by measuring the voltage
dependence of the point contact resistance R(V). We have applied this
finding to Kondo systems.

For Kondo systems, the relaxation time has been evaluated theocreti-

2 2 .
cally in several Refs. . In particular, Hamann gives for ev>kBT:

eV )[1n2( eV

k k_T
BTK B K

) + S(s+1)m> ]-l’} (10)

-1 c
T eV) = {1 - 1n¢
o

where TK is the characteristic Kondo temperature of the dilute alloy

and ¢ the concentration of magnetic impurities with spin S.



We have 1nvestigated the current-voltage characteristics of point
contacts of two systems with a Kondo temperature above and below the
measuring temperature of the helium bath (T = 1.5 K}: CuFe and AuMn,
with TK resp. ~ 30 K and ~ 0 K and with nominal magnetic impurity con-
centrations between 0.03 and 1.0 at.%a. The point contacts were of the
pressure type and could be adjusted by pressing a sharply etched wire
against a flat surface, botn parts fabricated from the same starting
material. The derivatives dV/dI of the contacts were measured using
phase sensitive detection. The modulation voltage was in the range of
100-300 pvV and didn't exceed the expected thermal broadening of a few
kBT. With a superconducting coil a magnetic field up to 30 kG could be
applied perpendicular to the contact surface.

In all point contacts of the investigated alloy systems the measured
second derivative d2V/dI2 showed structures at voltages corresponding to
the phonon frequencies, as explained for the pure metal case 1in terms of
the electron-phonon 1nteract10n1 (see the 1inserts in the figures 1 and 2).
At voltages lower than the phonon frequencies we observed maxima in the
resistance dv/dI, which were practically symmetric around zero voltage.
Because of the observed phonon structure in the point contact spectra
our observations in the metal-metal contacts are essentially different
from the spectroscopy with metal-oxide-metal tunneljunctions, where the
exchange coupling between the electrons and the magnetic impurities 1in
the oxide layer results in a minimum (as compared with the maximum 1in
the point contact case) 1in the resistance around zero voltage, as firstly
recognized experimentally by Wyatt4.

In Fi1g. 1 the measured resistance of a AuMn point contact 1s shown
as function of the applied voltage. Because of the small Kondo tempera-

ture of the AuMn system (llnTK|>>1) Eq. (10) leads to T-l(eV) =
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Fig. 1 : Differential resistance dV/dl of a Au-0.03 at.% Mn point
contact as a function of the applied voltage on a linear
and a logarithmic scale (R=2.19; T = 1.5 K). The dashed
line gives the theoretically expected logarithmic behaviour.
The inserted d2V/d12—curve indicates the well known
typical point contact behaviour with the phonon peaks for

Au at 10 and 18 mv.
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Fig. 2
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: Differential resistance dv/dI of a Cu-0.1 at.% Fe poant

contact as function of the applied voltage on a linear
and a logarithmic scale (R= 1.2 Q; T = 1.5 K). The
dashed curve 1s the fitted Hamann-function with

kBTK = 3.5 mV and S = 0.5. The inserted d2V/d12-curve
indicates the well known typical point contact behaviour

with the phonon peak for Cu at 17 mV.



[l-21n(eV)/ln(kBTK) ]. As shown 1n Fig. 1 on a log~scale the resistance
behaves over a limited range of V like logV around ! mV. At higher vol-
tages the resistance 1ncreases due to the electron-phonon interaction.
At lower voltages the deviation 1s probably due to thermal averaging
around zero voltage and ordering effects. Note that ordering effects
have also been observed i1n measurements of the temperature dependence of
the electrical resistivity in bulk Au samples with Mn concentrations

> 0.02 at.%s. In F1g. 2 the measured voltage dependence of a CuFe point
contact resistance 1s given on a linear scale and a log-scale. Between

2 and 7 mV a logV behaviour 1s seen for the CuFe system as expected
according to formula (10) at voltages corresponding to the Kondo tem-
perature (30 K ~ 2.6 mV). For smaller voltages the contact resistance
becomes nearly constant and a fit to the Hamann-function isn't success-
ful. Note that using the Hamann-formula the obtained temperature depen-
dence of the electrical resistivity is similar to the energy dependence
of the scattering ratez. Below the Kondo temperature the same deviation
has been measured in the electrical resistivity of the bulk material
(see F1g. 18 1n Ref. 6). Tne point contact resistance becomes a constant
at applied voltages which are roughly twice the corresponding tempera-
tures in the electrical resistivity measurements.

By applying a magnetic field the resistance maximum at zero voltage
splits up in two maxima for the case of AuMn, as shown in Fi1g. 3. For
the CuFe case the magnetic fields up to 30 kG lead only to a rounding
off of the flat resistance maximum, without significartly influencing
the amplitude of the change 1in resistance. Assuming that the "Kondo field"
HK = kBTK/uB acts i1n a similar way as the temperature, the quantitative
difference for the two systems can be understood. A similar magnetic

field dependence ras been observed 1n bulk resistivity measurements as
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Fig.

3

dv/dI (2 0 mQD/dwision)

Vollage (mV)

Magnetic field dependence of the differential resistance
dv/dI of a Au-0.1 at.% Mn point contact as function of
the applied voltage (R = 2.5 Q; T = 1.5 K). The curves
are shifted with respect to the reference point indicated

by (*) .
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function of temperature for dilute alloys with a low and a high Kondo
temperature7. With increasing Mn é;ncentratlon 1n the Au samples the
curves of the point contact resistances as function of voltage resembled
the pattern plotted in Fag. 3 upon increasing the magnetic field, proba-
bly due to ordering or, equivalently, internal fields. This has also
been seen experaimentally in bulk resistivity measurementss.

In the case of CuFe point contacts we also observed minima in the
resistance around zero voltage in some cases. It should be noted however
that zero bias anomalies (resistance minima and maxima and no structure
at all) have also been observed in the pure metal point contacts in an
irreproducible way. It 1s of interest to establish experimentally
whether these anomalies i1n the pure metal case are due to magnetic
inpurities. Furthermore, 1t 1s not unlikely for the used nomiral con-
centrations of Fe in Cu, that the impurities are not distributed homo-
geneously over the sample.

We conclude from our observations on the voltage and magnetic field
dependence of the resistance of point contacts in Kordo systems to have
extended the usefulness of the point contact spectroscopy to obtain the
energy dependence of the scattering rate of the conduction electrons in
a Kondo system.

We are most thankful to Dr. B. Knook fror the Kamerlingh Onnes
Laboratorium in Leiden for preparing the Kondo samples and very grateful
to Prof. J. Bass for his stimulating interest in a early stage of this

study. Part of this work has been supported by the Stichting FOM.
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SUMMARY

This thesis deals with an experimental investigation of 1interesting
deviations from Ohm's law which have been observed at low temperatures in
metallic point contacts, 1f the linear dimension of the contact becomes
comparable to the mean free path of the electrons. This geometry allows
to have an electric field within a metal in the region of the contact due
to an applied “foltage. The conduction electrons are accelerated in this
electric field and come back 1n equilibrium via collisions with elemen-
tary excitations {(1.e. phonons) in the metal. Because these inelastac
scattering processes depend strongly on the energy of the accelerated
electrons, the current-voltage characteristic of a point contact 1s non-
linear. The observed non-linearity allows an energy resolved spectral ana-
lysis of the inelastic c¢ollisions of the electrons in a metal using point
contacts. The measured second derivative dzv/dI2 of metallic point contacts
reveal structures at applied voltages which are ain agreement with the pho-
non frequencies of the metal and allow a direct measurement of the energy
dependence of Eliashbergs electron-phonon interaction parameter o?F.

After a general introduction to the spectroscopic method, chapter II
gives a survey on the theoretical and experimental work done in point-
contact spectroscopy up to now. The full non-linear Boltzmann equation
for the current through a metallic constriction i1s solved, using an itera-
tive procedure with respect to the i1nelastic collision term in the trans-—
port equation. It 1s found that the measured resistance of a point con-
tact as a function of the applied voltage, 1is proportional to the 1nverse
of the energy-dependent scattering time of the electrons in a metal, for-
ming the contact. For the electron-phonon interaction, this means that
the second derivative signal 1s proportional to the azF-spectrum, taking
into account a transport efficiency function due to the specific geometry.
The experimental techniques used for point-contact spectroscopy are dis-—
cussed., The data for various metals give detailed and novel results on the
energy dependence of the electron-phonon interaction, especially for the
normal (1.e. non-superconducting) metals.

The following chapters contain experaments dealing with certain as-—
pects of point-contact spectroscopy. Experiments with pressure-type point

contacts of the noble metals (chapter III and IV) give a remarkable inte-
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resting azF—spectrum which shows that the coupling of the electrons is
stronger with transverse phonons than with longitudinal phonons. It 1is
shown that the observed background signal, on which the aZF—spectrum 1s
thought to be superimposed, can not be explained by double phonon proces-
ses only, and non-equilibrium phonons have to be involved (chapter V).

In chapter VII experiments on the temperature dependence of the spectro-
scopic method are described, and one finds an analogy between the tempera-~
ture dependence of the contact resistance at zero voltage and that of the
bulk resistivity,except for small differences arising from the different
geometrical transport efficiencies in the two cases. In chapter VIII, ex-
perimental evidence 1s given for the detection of the energy dependent
exchange interaction between electrons and paramagnetic impurities
1n point-contact experiments with magnetically dilute alloys (Kondo sys-

tems) .
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SAMENVATTING

Dit proefschrift behandelt een experimenteel onderzoek van interes-
sante afwijkingen van de wet van Ohm, die bi) lage temperaturen zijn
waargenomen 1n puntkontakten tussen metalen, waarvan de afmetingen ver-
gelijkbaar zijn met de vrije weglengte van de elektronen. Door het aan-
leggen van een spanning over het puntkontakt ontstaat bij het kontakt
een elektrisch veld in het metaal. De geleidingselektronen worden ver-
sneld in dit elektrische veld en kunnenweer in evenwicht komen door
middel van botsingen met elementaire excitaties (b.v. fononen) in het
metaal. Omdat deze inelastische verstrooliingsprocessen sterk afhangen
van de energle van de versnelde elektronen, 1s het verband tussen stroom
en spanning in een puntkontakt niet lineair. De waargenomen afwijking
van de wet van Ohm maakt het mogelijk de inelastische botsingen van de
elektronen 1n een metaal als funktie van de energie van de elektronen
spektraal te analyseren met behulp van puntkontakten. In de tweede af-
geleade dzv/dIZ, gemeten aan een puntkontakt tussen metalen, 1s een
struktuur te zien bij aangelegde spanningen, die overeenkomen met de
frequenties van de fononen i1n het metaal en de Eliashberg functie
a2F voor de elektron-fonon interaktie valt hieruit direkt te bepalen.

Na een algemene 1inleiding op de methode, geeft hoofdstuk II een
overzicht van het theoretische en experimentele werk, dat tot op heden
aan puntkontaktspektroskopie gedaan 1s. De Boltzmann vergelijking voor het
transport van elektronen door een puntkontakt wordt opgelost door gebruik
te maken van een 1teratieve methode ten opzichte van de inelastische
verstrooiingsterm i1n de transportvergelijking. Men komt tot de conclusaie
dat de weerstand van een puntkontakt, die als funktie van de aangelegde
spanning wordt gemeten, omgekeerd evenredig :s met de verstrooliingstijd
van de elektronen in het metaal, die van de energie van de elektronen
afhangt. Dit heeft voor de elektron-fonon interaktie tot gevolg dat het
signaal van de tweede afgeleide evenredig is met het azF-spektrum, daarbij
moet rekening worden gehouden met de effectiviteit van het transport van
elektronen 1n de specifieke geometrie van een puntkontakt. De experimen -
tele technieken,dile gebruikt worden voor puntkontakten, worden besproken.
De experimentele resultaten voor de verschillende metalen laten gedetail-
leerd zien hoe de elektron-fonon interaktie van de energie afhangt; met

name voor de normale (d.w.z. niet-supergeleidende) metalen kan deze af-
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hankelijkheid voor het eerst experimenteel bepaald worden.

De volgende hoofdstukken bevatten experimenten die bepaalde aspecten
van puntkontaktspektroskopie behandelen. Experimenten met puntkontakten
van de edele metalen, (hoofdstuk III en IV) geven een opmerkelijk uzF—
spektrum te zien, waarvoor geldt dat de koppeling van de elektronen sterker
1s met transversale fononen dan met longitudinale fononen. De waargenomen
achtergrond 1n het gemeten signaal kan niet alleen verklaard worden door
processen, waarbij de elektronen aan twee fononen verstrooid worden; in
een analyse van dit achtergrondsignaal moet rekening worden gehouden
met het feit dat de elektronen niet 1in evenwicht zijn (hoofdstuk V).

In hoofdstuk VII worden puntkontakten als funktie van de temperatuur
bestudeerd, en wat betreft de afhankelijkneid van de temperatuur ziet men
een analoog gedrag voor de puntkontaktweerstand en voor de weerstand van
bulk materiaal, behoudens kleine verschillen in de effectiviteit van de
verstrooliing van de elektronen.

In hoofdstuk VIII laten experimenten aan puntkontakten met Kondo-
systemen zien dat ook de wisselwerking tussen elektronen en paramagnetische

verontreinigingen in een metaal met deze methoden bestudeerd kunnen worden.
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STELLINGEN

Met behulp van foto-thermische 1onisatie-spektroskoplie kunnen donoren en
acceptoren 1in halfgeleiders afzonderlijk worden waargenomen. Uit het teken
van de bijdrage van de minderheidsonzuiverheden aan de electrische geleiding

kunnen conclusies worden getrokken over de relevante recombinatie processen.

H.W.H.M. Jongbloets, Proefschrift, Nijmegen 1980.

II

Bi1j de interpretatie van de resultaten van magnetische metingen aan een
koper (I)-koper (II) complex 1s de door Schugar en medewerkers geintroduceerde
antiferromagnetische wisselwerking voor een groot deel toe te schrijven aan
verzadigingseffecten ten gevolge van de grootte van het aangelegde veld. De
temperatuurafhankelijkheid van hun metingen bij lage temperaturen wordt be-
ter beschreven door deze hypothetische antiferromagnetische wisselwerking

nul te kiezen, waarbij echter wel de schaalfactor moet worden aangepast.

H.J. Schugar et al., Inorg. Chem. 19, 543 (1980).

I1I

De levensduur van geexciteerde electronen bij cyclotron resonantie in half-
gelerders kan worden bepaald uit een gecombineerde meting van de absorptie
van straling ten gevolge van cyclotron resonantie en van de corresponderende
verandering van het electrische geleidingsvermogen voor halfgeleiders met

parabolische banden en als functie van het ingestraalde vermogen.

J.C. Maan, Proefschrift, Nijmegen 1979.
v
Door de gelijkrichtende werking van puntkontakten tussen metalen te bestu-

deren als functie van de ingestraalde frekwentie (> THz) kunnen de relaxa-

tietijden van de electron-fonon wisselwerking in een metaal bepaald worden.



Indien de waargenomen verhoging van de kritische stroom en temperatuur voor
een supergeleider onder invlced van microgolf straling toe te schrijven is
aan een verhoging van de orderparameter van de supergeleider kan dit nader

worden onderzocht door een bepaling van het kritische veld.

T.M. Klapwijk, Proefschrift, Delft 1977.
V1

Verschillen tussen de met behulp van puntkontakten gemeten spektra van de
functie azF, die worden toegeschreven aan anisotropie effecten ten gevolge
van de verschillende kristalorientaties in de buurt van het kontakt, kunnen
worden geanalyseerd door de spektra opgebouwd te denken uit 3 functies voor

de verschillende kristalrichtingen.
VII

De uitgever verhoogt de service aan de lezers van zijn boeken door, zoals
in het verleden gebruikelijk, bij zijn boeken weer een antwoordkaart of

soortgelijke bladwijzer te voegen.
VIII

Het kraken van woningen werkt de maatschappelijke integratie van de politie

tegen.

IX
Uit het feit dat in de identiteitsbewijzen van de gehuwde vrouw het bij-
voegsel "echtgenote van" staat en niet in die van de gehuwde man, blijkt

dat de formele gelijkstelling van man en vrouw bij de betreffende overheids-

instanties nog niet ten volle is doorgedrongen.

A.G.M. Jansen Nijmegen, 27 maart, 1980.









