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Chapter 1 
 

INTRODUCTION 

1.1 Elementary Excitations and Quasiparticles in 
Solids 

Following the explanation of physical effects in atoms, 
understanding the physical properties of metals is arguably the 
second most notable achievement of quantum mechanics. The 
translational symmetry of the crystalline lattice served as a key 
issue which enabled an exact solution for the electronic 
thermodynamic and kinetic properties and vibrational states of 
the atomic lattice.  These solutions are known as the Bloch waves 
for electrons and as Debye vibrational modes (called phonons) 
for the lattice. For non-interacting particles, the distribution over 
the quantum states is given by the formula  
 

 

1( )/ 1Bp k T
pf e ε μ −−⎡ ⎤= +⎣ ⎦   (1.1) 

 
for electrons, and by the expression      
     

    

1/ 1Bq k T
qN e ω −

⎡ ⎤= −⎣ ⎦
h

  (1.2) 
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for phonons, where p and q are the “crystal momenta” of 
electrons and phonons, respectively, and εp and ωq are the 
corresponding energies of electron and phonon states; μ is the 
chemical potential of the electrons which equals the Fermi 
energy (the maximal energy of filled states) εF at temperature 
T=0. The typical Fermi energy of most metals is of the order of 
10 eV, which corresponds to a temperature of about 100.000 K, 
while the typical phonon energy (the Debye energy) is of the 
order of 100 K. 

The second key idea in the theory of solids was that of L. D. 
Landau [1] to include the effect of interaction between particles 
by transforming them into quasiparticles obeying the same 
statistics as the “bare” particles (the Fermi statistics for electrons 
and the Bose statistics for phonons). The interaction effect 
reduces the electron energy εp to the renormalized energy 
 

( )p p pε ε= +∑%    (1.3) 
                                                                                                                                         

where Σ(p) is called the electron mass operator, and the phonon  
frequency ωq to the renormalized phonon frequency 
 

( )q q qω ω= +Π% ,    (1.4) 
 

where Π(q) is the phonon  polarization operator.  The state of the 
metal is presented as a gas of “dressed” electrons and phonons 
with energies εp and ħωq respectively. The important quantities 
explaining the thermal properties of metals are the electron 
density of states 
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                          ( ) ( )p
p

N ε δ ε ε= −∑ %    (1.5) 

                                                                                          
and the phonon spectral density of states 
 

( ) ( )q
q

F ω δ ω ω= −∑ %
  (1.6) 

 
where δ(x) is the Dirac delta-function. The sums in (1.5) and 
(1.6) are accomplished by counting the electron and phonon 
states according to:      
                                

2 / ,    2 / ,    0,  1,  2, ...i i i i ip n L q n L nπ π= = =h (1.7)     
                                                                                                                                         
Methods of calculation of the electron and phonon spectra are 

presented in the Kittel’s textbook [2].                                                                  

1.2 Superconducting Junctions: the Josephson 
effect 

The superconductivity of metals is the condensation of pairs of 
electrons with opposite momenta and spin orientations in a 
macroscopic coherent state. This phenomenon was discovered by 
H. Kamerling-Onnes [3] in 1911 as a complete loss of resistance 
of the metal at a certain temperature T=Tc (critical temperature). 
Later it was also shown that superconducting metals behave as 
ideal diamagnetics with zero magnetic field inside a metal, for 
applied fields H<Hc(T) – this phenomenon is called the Meissner 
effect [4]. 
 The explanation of superconductivity was proposed by F. 

London [5] as the result of the rigidity of the wave function of 
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the superconductor, and phenomenologically described by V. L. 
Ginsburg and L. D. Landau [6]. Successively A. A. Abrikosov 
[7] showed that superconducting alloys display a mixed state in a 
certain range of magnetic fields, Hc1<H<Hc2 with a strong but 
reduced diamagnetism and a penetration of quantized magnetic 
vortices (fluxons) into the superconductor. The microscopic 
theory of superconductivity was developed by J. Bardeen, L.N. 
Cooper and J. R. Schrieffer (BCS theory [8]) as well as by N. N. 
Bogoliubov [9] and by L. P. Gor’kov [10] at approximately the 
same time with a model of attractive interaction between 
electrons caused by the exchange of virtual phonons. This is a 
Green-function language of a process in which an electron 
disturbs the phonon field around it, and this perturbation in the 
field is forwarded to another electron resulting in an attractive 
interaction between both. A detailed state-of-the-art description 
of superconductivity can be found in a book by M. Tinkham [11]. 

Superconductivity was considered a bulk property until B. D. 
Josephson predicted extraordinary phenomena in electron 
tunneling between superconductors [12], namely zero DC 
resistance between superconductors in a tunnel junction and the 
oscillation of tunneling current with a frequency 
 

                                     2 /eVω = h    (1.8) 
                                                 
These effects were soon confirmed experimentally [13, 14], and 

resulted in an avalanche of theoretical, experimental and applied 
works on tunneling junctions.  

Besides tunneling junctions, the supercurrent flow in a contact 
with a normal metal (the S-N-S contact) confirmed the intriguing 
prediction of A. F. Andreev [15] of the reflection of electron-hole 
type at a N-S boundary, and of the strongly phase-sensitive 
discrete spectrum of the superconducting quasiparticle [16].   
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The phase dependence of the supercurrent in a S-I-S junction 
(the tunneling contact) was calculated by V. Ambegaokar and A. 
Baratoff [17]: 
                                            

( / 2 ) sin( )S I S NJ eRπ ϕ− − = Δ   (1.9) 
 

where Δ is the energy gap of superconductor, and φ is the phase 
of the superconductive order parameter. 

The phase dependence of the supercurrent in a S-C-S junction 
(constriction-type contact) was predicted to be non-sinusoidal by 
I. O. Kulik and A. N. Omel’yanchuk [18]: 
 

( / ) sin( / 2) tanh( cos( / 2) / 2 )S C S NJ eR Tπ ϕ ϕ− − = Δ Δ (1.10) 
                     
It was shown that it has twice the magnitude of the supercurrent 

at T=0 compared to the tunneling contact with the same contact 
resistance in the normal state RN. 

Extensive reviews [19-24] and books [25-28] on the contact 
properties in normal and superconducting states are available. 

1.3 High-Tc Superconductivity 

After many years of intense study (1911-1986), 
superconductivity reached the maximal critical temperature of 18 
K. In the year 1986, J. G. Bednorz and K. A. Müller [29] found a 
new class of materials (perovskite type ceramic compounds) with 
much higher critical temperatures of up to 36 K, a value which 
quickly increased to 90 K, and later on to 120 K. These ceramics 
are 
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=
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All these materials are layered compounds with strong valence 
forces in the layers and weak Van der Waals interactions 
between the layers. This is possibly the key for understanding the 
origin of a new type of superconductivity. Many theoretical 
mechanisms have been proposed to understand this type of 
superconductivity [30, 31] but a consensus has not yet been 
reached.   

All bulk properties of these new superconductors appear to be 
the same as those of low-Tc superconductive metals: zero 
resistance below Tc; ideal diamagnetism and a mixed state with a 
vortex structure; macroscopic quantum coherence properties and 
the Josephson effect. Experiments indicate that the 
superconducting state is gapless and most probably, in the 
context of the BCS theory of superconductivity, corresponds to a 
d-wave pairing of electrons rather than to s-wave pairing in the 
conventional superconductors. This in particular is supported by 
experiments with orientation dependent tunneling between 
adjacent sides of single high-Tc crystals [32, 33]. 

Point-Contact Spectroscopy is a tool to determine whether the 
Electron-Phonon Interaction (EPI) mechanism and electron 
pairing may be as effective for high-Tc superconductors as for 
low-Tc ones. 
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1.4 Motivation for High Frequency Point-Contact 
Spectroscopy 

One of the main endeavours of modern solid state physics is 
understanding the processes of relaxation of non-equilibrium 
quasiparticle excitations that determine kinetic and resonance 
phenomena: electrical and thermal conductivity, galvanic and 
thermo-magnetic effects, high frequency (HF) behaviour etc. 
These topics have become more important with the development 
of nanoscience and technology. 

Direct static experiments are commonly influenced by all 
mechanisms of relaxation. More selective information can be 
obtained from dynamic measurements with a pulsed probe signal. 
The period of the pulse should be much less than the relaxation 
time, and its energy not more than one quantum of the excitation, 
otherwise the analysis will be complicated by multi-quantum and 
reabsorption effects. Such a selective approach permits 
determination of the individual contributions from various 
relaxation processes.  

The method of extremely short thermal pulses (10-9 s) for the 
study of non-equilibrium phonon relaxation is widely known. 
Non-equilibrium electron processes are more complicated 
because of much smaller characteristic times. Point-Contact 
Spectroscopy (PCS) offers the possibility to investigate the 
properties of quasiparticle excitations, not by a pulsed approach, 
but with the response to a harmonic signal. The response of the 
electrical conductivity to irradiation in a wide range (103 –1015 
Hz) is under study for NanoContact (NC) samples with diameters 
of 10–102 nm. The fundamental work of I. K. Yanson [34] on 
contacts of geometric size lower than the electron relaxation 
length (i. e., NCs) forms the basis for this new technique. The 
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relaxation of the local electronic excitation in such structures 
manifests itself as a strong non-linearity in their current-voltage 
characteristics (IVC). Nowadays, this method has found 
application in the study of such different phenomena as 
thermoelectric effect, galvanomagnetic effect, quantum 
localisation, electric fluctuations, single atom contacts etc. 

From another point of view, the nonlinear electrical 
conductivity of NCs enables their application as nonlinear 
radiotechnical elements for the detection of electromagnetic 
radiation. Given the very small dimensions of NCs (in 
comparison with the skin depth), the external field is practically 
homogeneous in the contact zone up to optical frequencies. 

The aim of the work reported in this thesis was to study the 
kinetics of the relaxation processes in NCs for a wide range of 
excitation energies and a wide range of frequencies. Along with 
the classical low frequency PCS, a new method of video response 
of NCs was developed for measuring the response to high 
frequency electromagnetic radiation. The latter was applied also 
to the study of high-Tc superconducting ceramics. 
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Chapter 2 
 

NON-STATIONARY PROPERTIES 
OF METAL NANOCONTACTS 

2.1 Abstract 

Studying the nonlinear behaviour of the electrical conductivity 
of Nanocontacts (NCs) at low temperatures, where by NC we 
mean a nanoscopic bridge between massive metal electrodes 
with a characteristic diameter, d, of 10-100 nm, has nowadays 
become a simple but effective method for investigating the 
inelastic scattering processes of the electrons on different 
quasiparticle excitations in solids. 

As known from the theory of Point-Contact Spectroscopy 
(PCS), the second derivative of the IVC of a NC is quite similar 
to the phonon spectrum of the metal, and this provides a simple 
and reliable method for studying this important property. The 
splitting of the Fermi surface exactly for the bias voltage applied 
to the NC, eV, serves as the energy probe that permits to realize 
the PCS.  

There are three different regimes of PCS, distinguished by the 
relation between the diameter of the NC and the mean free paths 
of electrons (elastic li and inelastic lε), namely the ballistic, the 
diffusive and the thermal regime. The features of these different 
current states of PCS are discussed below in section 2.2.  
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Recording the second derivative of the current-voltage 
characteristics (IVC) of a NC provides the information about the 
Electron-Phonon Interaction (EPI) in the metal. The relaxation 
of the electrons occurs through the generation of non-
equilibrium phonons in the NC and the reabsorption of non-
equilibrium phonons by electrons is responsible for the 
background on the point-contact spectra. These considerations 
relate to the stationary conductivity of the NCs but quite 
important information may be obtained from measuring the 
spectra when the NC is exposed to high frequency (HF) 
electromagnetic radiation. The characteristic parameters of 
these processes are the relaxation times of the corresponding 
quasiparticle subsystems (electrons, phonons). The reabsorption 
of phonons decreases when the oscillation frequency of the 
electrons exceeds the characteristic phonon relaxation 
frequency. Therefore, the characteristic relaxation times of 
phonons in metals can be determined directly from the HF PCS 
measurements. 

2.2 The Principles of the Point-Contact 
Spectroscopy of Metals 

As already mentioned, a NC is a nanoscopic bridge between 
massive metal electrodes. From the theoretical point of view, 
there are two basic models of such contacts which are illustrated 
in Fig. 2.1 a) and b). In the “orifice” model, the contact is 
described as the circular hole in the isolating layer between two 
metal spaces. The main parameter of such a contact is the 
diameter, d. In the “channel” model, the contact is approximated 
as a long thin bridge that connects massive metal electrodes. In 
the latter model, there are two characteristic parameters: the 
length L and the diameter d of the contact. Other models describe 
the contact with more common hyperboloid zones that may be  
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Fig. 2.1 Models of a nanocontact: a – an orifice in the dielectric 
wall;   b – a long channel between two massive metal electrodes. 

 
transformed into the previous models. The model type does not 
change the physics of the processes in the NC. 

The subject of this study is the nonlinear behaviour of the 
electrical conductivity of NCs at low temperatures. Maxwell 
calculated the resistance of an electric contact of diameter d 
much larger than the electron mean free path l [1]: 

 

MR
d
ρ= , for d >> l,   (2.1) 

 
where ρ is the resistivity of the metal. 

In the case of the reverse relation between the characteristic 
dimensions, the resistance of the contact, according to Sharvin 
[2], is given by: 

2

16
3S

lR
d
ρ

π
= , for d << l.  (2.2) 
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In the general case of any relation between d and l, Wexler [3] 
discovered the interpolation formula: 

 

( ) ( )3
16

/ 1 /pc S S
dR R l d R l d

d l
ρ π⎡ ⎤= + Γ = + Γ⎢ ⎥⎣ ⎦

, (2.3) 

 
where )/( dlΓ  is a monotonous function of the parameter l/d; 

1)0( =Γ  and 694,0)( =∞Γ .  
For the scattering of the electrons by phonons we can write  
 

  F e phl v τ −=     (2.4) 
 

where vF is the Fermi velocity and τe-ph is the characteristic time 
of scattering events, also called electron – phonon relaxation 
time. So, we have for the resistance of the NC: 

 

( ) ( ) ( )
3
16

1 /pc S
F e ph

dR eV R l d
eV

π
ν τ −

⎡ ⎤
= + Γ⎢ ⎥

⎢ ⎥⎣ ⎦
. (2.5) 

 
From the energy dependence of the electron – phonon 

relaxation time follows that [4] 
 

( )1 2

0

2 eV

e ph F dπτ α ω ω−
− = ∫h   (2.6) 

 
Hence τe-ph is determined by the Eliashberg function α2F(ω). 

The function α2F(ω) is the multiplication of the square of the 
electron–phonon interaction matrix element (normalised over the 
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Fermi surface), α, with the phonon density of states, F(ω). When 
differentiating (2.5) and considering (2.6), we obtain:  

 

( ) ( )
2

23
8

/ ( )pc
S

F

dR edeV R l d F eV
dV

π α
ν

= Γ
h . (2.7) 

 
So the second derivative of the IVC of a NC, 

d2V/dI2=(dR/dV).R, will be quite similar to the phonon spectrum 
of the metal. 
As shown theoretically [5, 6], the processes of inelastic scattering 
of electrons from any quasiparticle excitation in the NC, that 
depends on the electrons energy, will cause irregularities in the 
d2V/dI2 spectra at the characteristic quasiparticle energies. The 
exact theoretical  analysis  of  the NC “orifice” model presents 
the Fermi surface for the electrons in the proximity of the orifice 
as shown in Fig. 2.2.  

 

 
 

Fig. 2.2 Non-equilibrium functions of the distribution of the 
electron momenta: a - in two different points of the ballistic 
nanocontact; b – for the homogeneous current state. 
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The dashed line represents the equilibrium Fermi surface for an 
isotropic electron distribution. The hatched space corresponds to 
the occupied electron states; its volume does not depend on the 
coordinates because of the charge neutrality condition. The 
splitting of the Fermi surface exactly for the eV value serves as 
the energy probe that permits to realize the PCS of the 
elementary excitations in metals. In the absence of such a narrow 
spot for the current state, such a probe does not exist (Fig. 2.2, b). 
Moreover, the accessible electron energy, in this case limited by 
heating of the metal, is quite small ~ eVl/L (here L is the length 
of the macroscopic sample). 

Scattering of the electrons in the contact brings about a 
relaxation of the distribution shown in Fig. 2.2 (a). The 
generation of phonons results in a decrease in the conductivity of 
the NC. As shown above, the second derivative of the IVC of the 
contact may be written for T=0 as   

 
1 28 8

3 3
( ) ( )pc pc

F F

dR ed edR F eV g eV
dV

α
ν ν

− = =
h h .(2.8) 

 
The NC function of the EPI is given as 
 

2( ) ( )pc pcg eV F eVα= .   (2.9) 
 
The NC EPI is different from the thermodynamic Eliashberg 

function g(eV)=α2F(ε) because of the presence of the geometric 
form-factor К, that takes in account the kinematics of electron 
scattering in the NC. The EPI functions (thermodynamic, 
transport and NC ones) determine the physical properties of 
metals [4]: electrical and thermal conductivity, superconductivity 
and the most important integral parameter of the metal, the 
constant of the EPI, λ: 
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0

2 ( ) dg ωλ ω
ω

∞

= ∫ .   (2.10) 

 
When the temperature of the contact is Т≠0, the phonon 

irregularities of the spectra will be broadened because of the 
thermal distortion of the Fermi distribution, and (2.8) will 
transform into: 

 

( ) ( ) ( )
2

1
2

0

8
3

pc
F B

d I dR ed eVR eV R eV g d
dV dV k T

εε χ ε
ν

∞
− −⎛ ⎞− = = ⎜ ⎟

⎝ ⎠∫h

 (2.11) 
 

where 
 

2

2

1( )
1B

d yy yk T dy e
χ

⎛ ⎞
= ⎜ ⎟⎜ ⎟−⎝ ⎠

.   (2.12) 

 
The function of thermal distortion χ(y) limits the precision of 

PCS to the value of Δε = 5,44 kBT. 
Up to now we have considered the case of pure contacts and the 

corresponding formulae were obtained for the generation of 
phonons in the ballistic regime of PCS, when d<<li, lε, where li 
and lε indicate the elastic (impulse relaxation) and inelastic 
(energy relaxation) mean free path of electrons, respectively. In 
the zeroth approximation, the resistance of the contact is 
determined by the Sharvin expression (2.2). 

A specific feature of ballistic NCs is the decrease of the shot 
noise with respect to bulk conductors. This phenomenon is due to 
coherent phonon generation in ballistic NCs [7, 8, 9]. 
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Another regime of PCS, when the contact diameter is much 
larger than li, but much smaller than the characteristic energy 
relaxation length Λ=(li lε)1/2/3, is referred to as the diffusive 
regime. The main formulae for this regime were reported 
elsewhere [10, 11]. The trajectories of electrons in the case of a 
diffusive current regime are no longer straight lines because of 
the elastic scattering of electrons by impurities in the contact. 
There is still the splitting of the Fermi surface exactly for eV in 
the proximity of the contact, as in the ballistic case (see Fig. 2.2, 
a). The difference with the ballistic case consists in the partial 
occupation of states outside the left semi-sphere and the partial 
emptying of states inside the right one. This is the reason for the 
reduced contribution of inelastic scattering process to the 
resistance of the contact. In a zeroth approximation, the 
resistance of the contact is determined by the Maxwell equation 
(2.1). In a first order approximation, the inelastic component of 
current, Iin, with respect to the elastic one, Iel, is given by [12]: 

 

~in i

el

I ld
I l dε

    (2.13) 

 
The PC spectrum is still given by the expression (2.8), but with 

a more complicated K-factor.  
The third regime of PCS, the so-called dirty or thermal regime 

is realised in contacts with large diameters (d>>li, lε). At any 
point in the contact, equilibrium between the electron and 
phonon systems is achieved, with the local temperature T(r) 
deriving from the balance between Joule heating and loss of heat 
by the electronic thermal conductivity. As shown by calculations 
[1], the temperature T0 in the centre of the contact is: 
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0

1/22
2

4b
VT T

L
⎛ ⎞

= +⎜ ⎟
⎝ ⎠

   (2.14) 

 
where L=0,026 mV2/K2 is the Lorenz number. When the 
temperature in the centre of the contact is much larger than the 
temperature of the cooling medium, Tb (usually it is the 
temperature of the liquid Helium bath), the relation between the 
temperature of the contact and the applied voltage is given by 

 
2

3
BeV k Tπ= ,    (2.15) 

 
or, simply, 

 
 [ ] [ ]3, 2~  V mV T K .   (2.16) 

 
In the thermal regime, the phonon irregularities in the PC 

spectrum are strongly broadened. Additionally, at large bias 
voltage a constant background signal arises due to scattering of 
the electrons by non-equilibrium phonons generated with 
increasing NC temperature. This phenomenon will be considered 
in detail later in this thesis. 

It is important to mention that a NC with nonlinear IVC can be 
made as a four-terminal structure, in a way that the current 
passing between one pair of terminals changes the resistance 
between another pair of terminals. Such a structure can also work 
as a NC transistor [13]. 
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2.3 Relaxation Processes in Nanocontacts and their 
Characteristic Relaxation Times 

The experimentally measured second derivatives of the IVC are 
not equal to zero at energies higher than the maximum phonon 
energy, eV≥ħωD (ωD – Debye frequency), as it should be if (2.8) 
was a rigorous description. When considering the ballistic and 
diffusive regimes in the discussion above, we assumed that the 
phonon system remains in equilibrium. But in the current state, 
the relaxation of the electrons occurs via the generation of non-
equilibrium phonons which escape through the massive 
electrodes that form the contact. The characteristic inelastic free 
path for these phonons is lph-e~le-ph~vF/λωD. Therefore, in the 
ballistic regime, where both the elastic mean free path of the 
phonons, lr, and that of the electrons, li, are much larger than d, 
only a small part of the non-equilibrium phonons (in the order of 
d/le-ph) is reabsorbed by the electron flux. That is the reason [14] 
for the small intensity of the background signal in the PC spectra 
in the ballistic regime. 

The nature of the background could be explained qualitatively 
[15] in a following way. At large bias voltage, the quantity of the 
non-equilibrium phonons increases proportionally to the current 
density. This causes an increase in the reabsorption of non-
equilibrium phonons by means of electrons scattering from those 
phonons. The resistance of the nanocontact will grow with the 
bias, and the second derivative of the IVC is no longer equal to 
zero [14, 16, 17, 18, 19]:  
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dV dV
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∫h h ,

 (2.17) 
 

where γ=0,58 (for the “orifice” geometry of the contact), 
ω0=ωD(lph-elr)/d2  the frequency of the phonons escaping from the 
contact zone, defined by their inelastic and elastic mean free 
paths. The last two parts in (2.17) are the background signal on 
the second derivative of the IVC. The first one has a structure 
similar to gpc(eV), but with another form-factor; it refers to the 
stimulated phonon generation. The second one is the monotonous 
part of the background signal, caused by reabsorption of non-
equilibrium phonons. In the case of a weak reabsorption process, 
when ω0>>ωD, the expression (2.17) transforms into 
 

( ) ( )
2

1
2

0

( ) ( )
eV

pc pc
d I dR dR eV R eV C g eV b g
dV dV

ωω
ω

− ⎧ ⎫⎪ ⎪− = = +⎨ ⎬
⎪ ⎪⎩ ⎭

∫
(2.18) 

 
Here the coefficient b is obtained by requiring that the PC 

spectrum is equal to zero when eV≥ħωD.  
In addition to the monotonous background signal, smaller 

irregularities at higher frequencies which are multiples of 
maximal phonon frequencies ω1, ω2 and their combinations may 
be observed. 

All of the above considerations relate to the stationary 
conductivity of the NCs, but important information can be 
obtained from measuring the PC spectra at high frequencies. The 
dynamics of the EPI and of the phonon reabsorption represent 
fundamental properties of metals. The characteristic parameters 
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of these processes are the relaxation times of the corresponding 
quasiparticle subsystems (electrons, phonons).  

The shortest characteristic times for the NCs are associated 
with the relaxation of the electron subsystem. One of these is 
determined by the time for electron transport through the NC 
zone, τ0~d/vF~10-14 s (at d~10 nm). Another one is related to the 
non-elastic scattering of the electrons from high-energy (Debye) 
phonons, τe-ph~10-13 s. The lowest characteristic frequency is 
determined by the slow processes of the thermal relaxation of 
NCs: τT~cd/λ ~10-8–10-9 s (where c is the specific heat and λ the 
thermal conductivity for metals). 

The corresponding measurements at high frequencies 
significantly enlarge the investigation capabilities of PCS. They 
permit to study the energy dependence of the different scattering 
processes in metals and to determine experimentally the 
frequency parameters of these phenomena. With PCS 
experiments, these characteristic frequencies could be measured 
directly, as the relaxation times of NCs conductivity in HF fields. 
A special method [20] for the determination of the relaxation 
times for non-equilibrium excitations in metals has been  claimed 
in a specific patent. 

2.4 The Influence of High-Frequency 
Electromagnetic Rradiation on the Characteristics 
of Nanocontacts 

When the inelastic mean free path of phonons is much higher 
than the contact diameter (lph-e>>d), and their elastic mean free 
path is smaller than the contact diameter (lr<d), the PC spectrum 
is defined by the reabsorption of non-equilibrium phonons [18]. 
The distribution of the non-equilibrium phonons is a function of 
the bias voltage applied to the contact. In the case of complete 
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reabsorption of the non-equilibrium phonons, in the centre (z=0) 
of the NC the distribution of phonons will be 

 

4
( 0) ( )eVN z eVω

ω ω−= = −h
h , (2.19) 

 
and it will gradually decrease with the distance from the contact. 
The distribution (2.19) has the sharp edge at the phonon energy 
ħω=eV. The effective temperature of the phonon subsystem is  

 

4eff
B

eVT k≈ .   (2.20) 

 
A similar expression was presented previously for the thermal 

regime of the NC (2.16). This value does not regard the 
temperature of electrons; only for the thermal regime of PCS 
electrons could be characterised by an equilibrium temperature 
(2.16), that is quite similar to the one defined by (2.20) for non-
equilibrium phonons. 

The substantial differences between the electron and phonon 
subsystems are their characteristic relaxation frequencies. For the 
electrons they are very high [18, 21]: 

 
13 110e ph Df sλω −

− ≈ ≈ ;    
14 110/e Ff v d s−≈ ≈ , (2.21) 

 
where λ is the EPI constant, and fe  the frequency of the electron 
transport across the contact zone. The corresponding values for 
phonons are: 

 
10 110ph e D

F

sf svλ ω −
− ≈ ≈ ;   

11 110phf s d s−≈ ≈ , (2.22) 
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where s is the speed of sound. On this basis the frequency 
dispersion of the conductivity of the NCs in the HF range was 
theoretically predicted [18,19] and the modification of the 
spectrum with the applied voltage V(t)=V0+V1cos(Ωt) was 
analysed. For frequencies f=Ω/2π>fph-e, the change occurs for the 
background component of the spectrum and is caused by non-
equilibrium phonons. This is clear if one considers the fact that 
the amplitude of the oscillating part of the non-equilibrium 
distribution function for the phonons (generated by the 
transported electrons) depends on the relation between the 
oscillation frequency of the electron subsystem and that of the 
phonon relaxation. The reabsorption of phonons decreases when 
the frequency of the electron oscillation starts to be larger than 
the phonon relaxation frequency. For this reason, the signal 
detected on the contact also decreases as soon as its part derived 
from the electron-phonon scattering becomes smaller. 

The background reduction coefficient η=γHF/γLF could be 
introduced as the ratio of the background signal levels for high 
and low frequency, at V0>ħfD/e. The parameter γ is the spectral 
signal normalized to the acoustic (transverse) phonons T-
maximum. η is obtained theoretically by 

 

( )
12

1
ph e

ff fη
−

−
⎡ ⎤⎛ ⎞= +⎢ ⎥⎜ ⎟

⎝ ⎠⎢ ⎥⎣ ⎦
,   (2.23) 

 
where the fph-e is the average characteristic frequency of 
homogeneous relaxation of the entire multitude of phonons by 
electron-phonon scattering,  mainly related to the high-energy 
phonons.  

As can be seen from (2.23), the background component of the 
spectrum decreases with increasing frequency and goes to zero at  
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V(t)= 1,5 V0+V1cosΩt
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Fig 2.3 The first and the second derivative of the I-V 
characteristic of a nanocontact without the reabsorption of non-
equilibrium phonons (1) and with the reabsorption of non-
equilibrium phonons (2). 

 
f>>fph-e. The physical processes in the NC are illustrated in Fig. 
2.3 for a metal with the Einstein model phonon spectrum 
g(ε)=δ(ε – eV0). At the bias voltage V0, spontaneous generation of 
non-equilibrium phonons by the transported electrons begins and 
the conductivity of the NC drops (line 1). The electron relaxation 
is quite rapid (about 10-13 s), such that the quantity of generated 
phonons and, correspondingly, the dependence represented with 
line 1, remain the same up to frequencies of ~1013 Hz. If 
reabsorption of non-equilibrium phonons is taken into 
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consideration, the conductivity of the NC should decrease with 
bias, due to the growth of electron-phonon scattering events (line 
2). Consequently, the second derivative of the IVC will not be 
zero for V>V0. 
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Chapter 3 
 

NANOCONTACT TECHNOLOGY 

3.1 Abstract 

The two classical preparation methods for NCs are the “pin-to-
plate” and the “shift” method explained below. The preparation 
of the surface of the electrodes is quite important: the surface 
layer which was damaged during cutting and polishing of the 
sample must be eliminated and a thin oxide layer has to be 
created on the metal surface.  

The low temperature part of the equipment comprises liquid He 
cryostats, He gas pumping lines and exchangeable special 
cryogenic inserts for the creation and regulation of the NCs. 
Cryostats of two different types were used, one for the low 
frequency and HF measurements, and another one for the IR and 
optical irradiation experiments. 

For the wide frequency range experiments, a coaxial line, a 
waveguide and a polished hollow optical light guide were 
mounted for the simultaneous connection of the different sources. 
For the 108–1011 Hz range high frequency triodes and frequency 
adjustable klystron generators were used; for the far-IR range, a 
special optically pumped laser was constructed. For irradiation 
in the IR and optical range, we employed СО2 and He-Ne lasers, 
respectively. The radiation from every source was applied to the 
sample alternatively, and the corresponding response signal 
registered. At the end of each measurement cycle, the low 
frequency spectrum of the NC was routinely checked, to prove 
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that the given contact was stable and, consequently, its 
characteristics unchanged during the whole cycle of 
measurements. 

The NC was connected to the measuring circuit according to a 
4-electrode scheme. For measurement of minor non-linearities in 
the IVC of the NCs we registered the dI/dV characteristics by 
detection of the harmonics of a small oscillating current. which 
was generated on the contact together with the bias voltage 
linearly changing with time; for these measurements we applied 
the modulation method. 

The PC spectrometer comprises several independent channels 
for the detection and registration of different kinds of signals on 
the NC. 

3.2 Methods for Creating Nanocontacts 

In the first NC experiments, the contacts were made in a non-
controlled way by electric breakdown or by mechanical breaking 
of tunneling thin film structures. Nowadays NCs can be prepared 
by electron-beam lithography and ion etching or with a “break 
junction” technology. These methods allow for the creation of 
NCs of controlled dimensions. 

In the work presented here, the NCs were created by the 
classical “pin-to-plate” method that permits the use of almost any 
kind of material for NCs. This simple technique [1] provides 
quite stable contacts in an easy way, by means of touching a 
polished plate with a sharp pin. In the alternative “shift” method, 
the contact is realised between two sides of crossed rectangular 
bars of metal, which can be moved one along the other. The 
shifting of the bars or the pressing of the pin electrode on the 
plate is realised with a precision mechanism employing 
differential screws, that has several degrees of freedom. Good 
mechanical stability is guaranteed by the relatively large contact 
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area of several microns (the radius of the curvature of the pin). 
The electric contact is realised just between the metal nanopins 
on the contact area, in the point where the surface oxide film is 
cracked. The typical diameters of the obtained NCs were in the 
range of 10-100 nm. Good mechanical stability of such a system 
can be achieved by shaping part of the pin wire into a damping 
curve, and by varying the force applied to the electrodes. Due to 
its mechanical stability, with this method long cycles of 
experimental measurements of different properties of the same 
NC can be performed. 

The additional advantage of the “pin-to-plate” contacts is their 
optimal electrodynamic compatibility with mm-range irradiation: 
the wire electrode acts as an antenna and permits measurements 
at low irradiation power level. For the experiments that deal with 
Sb NCs, contacts of the “shift” type made of Sb monocrystalline 
bars were used. 

As already mentioned in the introduction, for the “pin-to-plate” 
type of NCs the preparation of the surface of the electrodes is 
important: the surface layer which was damaged during cutting 
and polishing of the sample must be eliminated and a thin oxide 
layer has to be created on the metal surface; the latter has to be 
strong enough to support the stress force of the pin electrode and 
to guarantee the mechanical stability of the structure.  

The methods of chemical treatment for the metals applied here 
were chosen according to the specific NC literature and general 
chemical reference literature [2, 3]. The shaping of the wire pins 
(0,05-0,2 mm diameter) made of Cu was performed with 
orthophosphorous acid. The diameter of the resulting pin was 1-2 
µm, as controlled by an optical microscope. At a distance of 2-10 
mm from the pin, the wire was fashioned into a damping S-shape 
curve. With increasing applied force, the electric resistance of the 
NC drops, and the quality of spectra, in most cases, improves as 
long as the diameter of the NC is not too large. For the low 
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resistance NC, the ballistic or diffusion current regime often 
transforms into the thermal regime of the conductivity by 
momentarily increasing of the current through the contact. 

For the experiments with the Sb monocrystalline bars by the 
“shift” method, 2x2x10 mm size bars were spark-cut from bulk 
crystals. The axis of the contacts was oriented along the binary 
axis C of the Sb elementary cell. The bars of high purity Sb 
(relative resistance ratio R300K/R4,2K≈6500–7000) were chemically 
etched using a HF:CH3COOH:HNO3 1:2:3 mixture before 
creating the NCs. 

3.3 Description of the Experimental Set-Up 

3.3.1 Cryogenic Equipment 

The low temperature part of the equipment comprises liquid He 
cryostats with liquid N2 protection screens, He gas pumping lines 
and exchangeable cryogenic inserts for the creation and 
regulation of the NCs. Cryostats of two different types were 
used, one for the low frequency and HF measurements, and 
another for the experiments with IR and optical irradiation. By 
pumping the He gas a temperature of 1,5 K could be reached 
which enabled measurements in superfluid He-II, below Тλ=2,17 
К. These conditions avoided bubble formation in the liquid He 
when irradiating the sample with the optical laser. In some 
experiments the measurements were performed in over-
pressurized liquid He to avoid bubble formation at temperatures 
above the λ-point in normal liquid He.  For the microwave (MW) 
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Fig. 3.1 The schemes of the creation of nanocontacts: a – “shift” 
type nanocontact in the waveguide; b - “pin-to-plate” 
nanocontact in the waveguide; c – “pin-to-plate” nanocontact at 
the output of the hollow optical light guide. 
 
and optical measurements, cryogenic windows made of 
Germanium or crystalline quartz were used. 

The schemes of the different inserts are presented in Fig. 3.1. 
The detection of MW radiation (108–1011 Hz) and the 
measurement of its second harmonics were carried out with the 
insert based on the rectangular waveguide (10x23 mm2 in 
section), presented in Fig. 3.1, a. In the lower part of this insert, 
the cross section of the waveguide was gradually reduced down 
to 2x23 mm2. The NC electrodes were introduced through the 
lateral holes and were mounted in two independent holders with 
precision displacement mechanics. It was possible to shift the 
electrodes with respect to one another and to vary the force 
applied to the electrode bars. Such a method allows for the 
creation of NCs at different points of the bars and to choose the 
NCs with the optimal characteristics in terms of the resistance of 
the NCs. Matching between the MW irradiation and the NC was 
optimised by moving the shortcutting plug at the bottom of the 
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waveguide. The high frequency radiation was conducted to the 
NC either by the waveguide, or by the coaxial cable charged with 
the 75 Ohm resistive coupling loop placed nearby the contact 
(Fig. 3.1 a, see also Fig. 3.2, a below). Fig. 3.1, b presents the 
insert which gives the additional possibility of mixing two MW 
signals. The NC was connected to the measuring devices with 
LC-filters, for uncoupling the DC current and the intermediate 
frequency signal (60–100 MHz); the latter was picked up with a 
standard coaxial cable.  

 

 
 

Fig. 3.2: a) The cryogenic insert for microwave irradiation: 1, 2 
–electrodes of the nanocontact; 3 – differential screw; 4 – 
rotating movement; 5 – circular-section part of the waveguide; 6 
– rectangular (1,8x3,6 mm2) part of the waveguide;       
b) The cryogenic insert for experiments in the IR and  optical 
range: 1, 2 – electrodes of the nanocontact; 3 – S-shaped curve 
of the wire for damping; 4 - differential screw; 5 – axial 
movement; 6 – spring; 7 – bracket; 8 – hollow light guide; 9 – 
closure cap with a temperature sensor. 
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For experiments in the IR and optical range an insert with a 
polished hollow optical light guide (Fig. 3.1, c) was used. 

The physical constructions of the cryogenic inserts are 
presented in Fig. 3.2. In Fig. 3.2 (a) the microwave insert is 
shown; the construction of the optical insert is demonstrated in 
Fig. 3.2, b.  

3.3.2 Measurement of I-V Characteristics and their 
Derivatives 

The NC was connected to the measuring circuit with four 
probes (see Fig. 3.1 b). For measurement of minor non-linearities 
in the IVC (the derivatives of the IVC) of the NCs, detection of 
the harmonics of the small oscillating current was used, 
generated on the contact together with the bias linearly changing 
with time.  

If the current through the NC is presented as I=I0+icos(ωt), 
i<<I0 , ω<<1/τ0 (where I0 is the bias current, and τ0 is the 
characteristic relaxation time), the voltage on the contact will be 
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K

 (3.1) 
 
If the amplitude of the modulation current is small enough and 

additional terms indicated by the dots in the sum (3.1) may be 
neglected, the output signal at the basic frequency will be 
proportional to the first derivative of the IVC, dV/dI, and that at 
the double frequency will be proportional to the second 
derivative of the IVC, d2V/dI2. The dependence of these values 
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on the bias voltage (energy), V1(eV0) and V2(eV0), represent the 
NC differential resistance and the point-contact spectrum, 
respectively. The signals at the basic frequency ω and at the 
double frequency 2ω can be easily measured experimentally.  

For these measurements the modulation method was used. The 
modulation current i was applied to the NC from the acoustic 
generator. The frequency of modulation was in the range 463-
1863 Hz in different experiments. The acoustic generator was 
converted to the current source by connection to the sample via 
the RC-circuit. The amplitude of the oscillation was quite small, 
in order to make the 1st harmonic of generated signal as small as 
0,1–1 mV in order to avoid modulation broadening of the point-
contact spectra. Amplification of the 1st harmonic signal was 
performed by a synchronous detector with a sensibility of 0,3 μV. 
Measurement of the 2nd harmonic signal at acoustic frequencies 
was realised with a sharp-band RLC filter and selective amplifier 
with a phase detector.  

3.3.3 Measurements of the Nanocontact Response 
to Electromagnetic Radiation 

For a NC in a HF field [4], the average IVC can be written as 
 

2 1
0 0( ) n

n

eVI V J I V n
e

∞

=−∞

Ω⎛ ⎞ ⎛ ⎞= +⎜ ⎟⎜ ⎟Ω ⎝ ⎠⎝ ⎠
∑ h

h
  (3.2) 

 
where V1 and Ω are the amplitude and frequency of the signal 
generated by irradiation from an external source. In the case 
ħΩ<<eV1 the expression (3.2) can be presented as the classic 
detection formula for the average current through the contact : 
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/

0 0 1
0

( ) ( cos )I V I V V t dt
π

π

ΩΩ= + Ω∫   (3.3) 

 
In this case, the response of the contact (determined as the 

difference of the IVC of the contact with and without the 
irradiation) will be proportional to the 2nd derivative of the IVC 
curve: 

 
22

01
0 0 0 24

( ) ( ) ( ) ( )d IVI V I V I V V
dV

δ ≡ − = .  (3.4) 

 
In the case of relatively high frequencies ħΩ>>eV1 the 

interaction between the electromagnetic field and the contact 
should be considered as the quantum process of absorption and 
emission of photons with an energy ħΩ. It can be shown for this 
case that the expression (3.2) transforms into: 
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   (3.5) 
 

The usual experimental protocol involved the measurement of 
the voltage response, related to the current response as      |Vd| = 
|δI| (dV / dI). 

When irradiating the NC with IR or visible light, the video 
response signal is quite small (~1 μV) and can thus be influenced 
by the thermal bolometric effect caused by the irradiation power. 
In this case, a synchronous detection scheme was applied with a 
modulation of the impinging beam in the low frequency range 
(ω/2π~10-3.103 Hz) and a rotating disc having equidistant holes 
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drilled along the circumference. With this modulated beam the 
induced current in the NC is:  

 
0( ) (cos ) cos ,I t I i t tω ω= + Θ Ω << Ω  (3.6) 

 
where θ(x) is the Heavyside theta function. The voltage video 
response (at the modulation frequency ω) of the NC can be 
written as: 

 

( ) ( )2 2 2 4~  / cos /dV i d V dI tθ ω   (3.7) 
 
The PC spectrometer has several independent channels for the 

detection and registration of different kinds of signals on the NC: 
- direct current I0 and direct voltage V0 signal 
- amplitudes of the 1st V1 and 2nd V2 harmonics of the low 

frequency modulation signal 
- amplitude of the voltage response Vd under MW irradiation 
- video response signal Vd under optical or IR laser irradiation. 
 
Due to the different coupling coefficients and different 

transmission characteristics of the waveguides for different 
frequency ranges, the response signals of NCs have different 
effective power levels. To compare the results obtained for the 
different probe frequencies, the PC spectra were normalised for 
the intensity of the peak signal corresponding to transverse 
phonons. 

To apply a classical or a quantum approach for the 
interpretation of the response signal, the energy of the photon 
should be compared with the interval ΔeV, related to the width of 
the non-linearity peak. The characteristic parameter for Cu (the 
half-width of the T-phonon peak) is equal to 11 meV. 
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All current sources used had an internal resistance that was 
much greater than the characteristic resistance of the NCs at zero 
bias (about tens of Ohm). For HF irradiation of the contact, the 
wave impedance of free space (120π≈377 Ohm) is also quite 
large compared with the typical resistance of the NCs. 

At the end of each measurement cycle, the low frequency 
spectrum of the NC was routinely checked, to verify that the 
contact was stable and, consequently, its characteristics 
unchanged during the cycle of measurements. The measurement 
accuracies for I, V2 and Vd signals were typically of 1 μA, 20 nV 
and 30 nV, correspondently. 

3.3.4 Electromagnetic Radiation Sources 

The parameters of the electromagnetic radiation sources, used 
for the investigations reported in this thesis are presented in 
Table 3.1. 

For the wide frequency range experiments, a coaxial line and a 
waveguide were mounted for simultaneous connection of 
different generators. The radiation from each source was sent to 
the sample alternatively, and the corresponding response signal 
registered. 

For the 108–1011 Hz range high frequency triodes and 
frequency adjustable klystron generators were used. For 
measuring the response signal, a klystron in the regime of 
external modulation was used; a low frequency meander 
modulation (2433 Hz) with an amplitude of ~80 V was applied to 
the reflector of the klystron.  
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Wave 
length, 
λ 

Frequency, 
Hz, 

f = Ω/2π 

Quantum 
energy, 

meV, ħΩ 

Radiation 
source 

Output 
power, mW 

3 m 
30 сm 

108 
109 

4.10-4 
4.10-3 

 
High 

Frequency
triode 

 
500 

6,31 сm 
3 сm 
5 mm 

3,75 mm 

4,75.109 
1010 

6.1010 
8.1010 

0,02 
0,041 
0,25 
0,33 

Klystron 10 

1,22 mm 
571 μm 

118,8 μm 
70,5 μm 

2,46.1011 
5,25.1011 
2,52.1012 
4,25.1012 

1,02 
2,17 
10,43 
17,6 

Optically 
pumped far-

IR laser 

1 
5 

100 
25 

10,6 μm 2,83.1013 117 СО2 laser 1000 

3,39 μm 
1,15 μm 
0,63 μm 

8,84.1013 
2,61.1014 
4,75.1014 

366 
1078 
1960 

He–Ne 
laser 30 

 
Table 3.1 Parameters of electromagnetic radiation sources used 
in experiments. 
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Fig. 3.3 Scheme of the optically pumped far-IR laser. For the 
explanation of the numbers, see text. 
 

For the far-IR range, a specially constructed optically pumped 
laser was employed. It is pumped by a powerful (30-40 W) IR 
СО2-laser that excites transitions between the rotational levels of 
the gas molecules of the far-IR laser. The scheme of this laser is 
presented in Fig. 3.3. 

The СО2-exciting laser and the far-IR laser were mounted in a 
unique module (190x34x27 cm3), with INOX flanges (1) and 
INVAR staffs (2). The СО2-laser cylinder (3) has an inner 
diameter of 14 mm and a 160 cm discharge length. At one end 
the piezo-driven adjustment head (5) with a mirror (R=8 m) is 
mounted. The other end houses the diffraction grating (6) having 
a period of 0,01 mm. The generation mix of 
He:N2:СО2=1:0,57:0,64 with a total pressure of 150-160 mm Hg 
was continuously pumped through the laser cylinder. Adjustment 
of the СО2-generation lines was realised by a micrometric screw 
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(8). The Cu radiator (7) is attached to the grating for thermal 
stabilisation of the generation frequency. After modulation by the 
disc chopper (11), the excitation irradiation is reflected by the 
plain mirror (10) and the spherical one (9) with the R=60 cm, and 
consequently focused on the input mirror flange (13) of the far-
IR resonator cylinder (4).  

The input window (KCl) is mounted at an angle of 45° with 
respect to the beam axis. This gives the possibility to split the 
input beam and control the СО2-excitation power with the 
detector (12). The input (13) and output (15) mirrors are made of 
Cu and have axial holes of 1,5 and 5 mm, respectively. Both 
mirrors are mounted on adjustment units (14). The output from 
the resonator cylinder is closed by a quartz crystal plate that is 
transparent in the far-IR range but completely removes the СО2-
irradiation of the excitation laser. The active gas for far-IR 
generation (methyl alcohol CH3OH) enters the resonator cylinder 
from a vessel (16) through a needle valve, and is continuously 
pumped away to maintain a pressure of (5–10).10-2 mm Hg in the 
cylinder. The generated wavelength was measured with a 
Michelson interferometer. 

For irradiation in the IR and optical range, СО2 and He-Ne 
lasers (see Table 3.1) were used, respectively. To irradiate the 
NC in this range of frequencies, we employed a cryogenic insert 
with a hollow tubular light guide (Fig. 3.2, b) with an Al 
spherical mirror (F=1 m) mounted at the top end. The orientation 
of the mirror was adjusted to reach the maximum response signal 
from the NC.  

The “antenna” geometry of the “pin-to-plate” NCs is very 
advantageous for HF coupling. From another point of view, the 
extremely small area of the NCs (~10–103 nm2) makes their 
electric capacity very small. Consequencely, the contact 
capacitance shorting effect is negligible. This fact enlarges the 
effective working range of the NCs up to optical frequencies.  



 
 

 

NANOCONTACT TECHNOLOGY 

47

For the NCs the skin-effect can be neglected, since the skin 
depth for frequencies of ~1014 Hz is about 10-20 nm. Thus 
irradiation of the NCs can be considered homogeneous in depth. 
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Chapter 4 
 

HIGH FREQUENCY RESPONSE OF 
NANOCONTACTS WITH SHORT 
ELECTRON MEAN FREE PATH 

4.1 Abstract 

The thermal regime, realised in contacts with small electron 
mean free path, is the most simple to interpret. The experiments 
on the frequency dispersion in NCs in the thermal regime were 
performed for Cu and Sb contacts.  

In the thermal regime, when the elastic and inelastic mean free 
paths of the electrons are much smaller than the diameter of the 
NC, the IVC is defined by the temperature dependence of the 
resistivity of the metal.  

For thermal NC exposed to external electromagnetic radiation, 
the frequency of thermal relaxation of the NC defines the nature 
of the response signal. Experiments were performed in two 
ranges, for frequencies of the incident irradiation, Ω, smaller 
than the thermal relaxation frequency of the NC, νT, and for 
Ω>νT. The obtained results are discussed in the light of 
theoretical models. Our calculated results agree well with the 
experimental data. The experimental results permitted to 
calculate the thermal relaxation frequency for a Sb NC. 

A theoretical calculation of νT for a Cu NC was also performed. 
The experimentally obtained response signal to microwave 
radiation was in good correspondence with theory. 
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Special attention was dedicated to the response of Cu NCs in 
the thermal regime when exposed to light in the IR and visible 
range. The contribution of NC’s surrounding zone to the 
bolometric response in optical frequency range was taken into 
account to obtain an agreement between calculations and 
experimental data. 

4.2 Thermal Relaxation Kinetics for Sb 
Nanocontacts 

A relatively simple case of NC behaviour in alternating 
electromagnetic fields is the thermal regime of electron transport 
through the contact. In this regime, the IVC are defined by the 
temperature dependence of the resistivity of the metal. In 
stationary conditions, the temperature of the constriction zone is 
directly related to the applied bias voltage, according to (2.14). 

When the applied voltage changes with a frequency close to the 
thermal relaxation frequency of the NC, a corresponding 
variation of the IVC can be expected. From measurements in the 
range ΩτТ~1, it is possible to define the characteristic frequency 
of the thermal relaxation of the contact fT~1/τT. 

As shown in Fig. 4.1, low frequency measurements of the PC 
spectra of Sb in the wide energy range [1] show that at bias 
eV0≈175 mV, a peak occurs, which is much higher than the low 
energy spectral singularities. All of the curves in Fig. 4.1 are nor-
malised to the low-energy singularities of the spectrum. Icreasing 
the bias voltage, as a rule leads to NC instability and finally to a 
jump-like decrease in the resistance. Figure 4.1 shows that the 
higher the frequency, the lower is the amplitude of the mentioned 
maximum; in the 0,8–80 GHz range a plateau is reached. 

The contact instability and the clear non-linearity of the IVC at 
high voltages point to a thermal effect, caused by the bias current 
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in the contact, as origin of the above-mentioned peak. The simple 
relation between the applied bias voltage and the temperature of  

 

 
 

Fig. 4.1 The point-contact spectra of a Sb nanocontact over a 
wide energy range, measured at acoustic frequency at ~1 kHz (1) 
and at 0,033 GHz (2); 0,08 GHz (3); 0,155 GHz (4); 0,170 GHz 
(5) and at 80 GHz (6). The dashed line (7) presents the I-V 
characteristics of the nanocontact. 
 
the contact in the thermal regime explains the dramatic change of 
the contact: indeed, the peak occurs when Sb becomes soft (≈406 
K), at about 0,45 of the melting temperature. The corresponding 
bias voltage, VS, taken from (2.14) is ≈131 mV. The difference 
with the experimental value (≈175 mV) can be due to the fact 
that at low energies the contact is still in the spectral regime 
(with characteristic singularities as presented in Fig. 4.1 at low 
energies) and gradually moves into the thermal regime with 
increasing bias. This kind of NC transformation could shift the 
observed VS value upward. However, the high VS value can also 
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be attributed to the temperature dependence of the Lorenz 
number. 

 
 

Fig. 4.2 Frequency dispersion of the thermal peak’s amplitude 
from the Sb point-contact spectra. The calculated for the 
different fT (thermal relaxation frequency) values curves 
approximate the experimental points: curve 1 for the fT=0,3 GHz, 
curve 2 for the fT=0,17 GHz and curve 3 for the fT=0,08 GHz. 

 
The higher the radiation frequency with respect to the 

nanocontact thermal relaxation frequency fT, the smaller the 
temperature increase of the NC. The stationary temperature of 
the contact will increase and the measured HF response will 
become proportional to the first derivative [2]. This transition 
from one detection regime to another one was observed at f ≈0,17 
GHz (Fig. 4.1). The points in Fig. 4.2 represent the experimental 
response values at eV≈175 meV, with detraction of the response 
level for f=80 GHz. The curves were calculated as the bolometric 
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NC response for the different constants τT~1/fT, in accordance 
with   
 

1/22( ) 1 (2 )Tf fδ π τ
−

⎡ ⎤= +⎣ ⎦ .  (4.1) 
 

As it can be seen from the Fig. 4.2, the best agreement with the 
experiment data is for fT=0,17 GHz. 

Using the Wexler formula (2.3) and taking the zero-bias 
resistance of this Sb NC (R0=1,5 Ohm), a contact diameter d≈160 
nm can be calculated. The thermal relaxation frequency, fT, for 
the given NC can be estimated as   fT≈sli /d2. Taking a reasonable 
value for the electron mean free path [3] for the NC in the 
thermal regime, namely li≈5 nm, the temperature relaxation 
frequency is found to be fT =0,22 GHz.  

By further considering the contact as a ball with diameter d and 
using the formula fT≈λ/cρd

2, with thermal conductivity λ=0,17  J/ 
(сm.s.K), specific heat c=0,05 Cal/(g.K) and Sb density  ρ=6,62 
g/сm3, we obtain fT=0,12 GHz. This value is also quite close to 
the experimental one. With these different estimates that give 
quite close results, we can attribute the background peak at the 
Sb PC spectra to Joule heating of the contact by the transport 
current. 

4.3 Theoretical Analysis of Relaxation Kinetics in 
the Thermal Regime 

Experimentally, the spectra of NCs exposed to radiation in a 
wide frequency range are obtained by means of a small 
amplitude alternating voltage (V(t)=V0+V1cos(Ωt), V1<<V0) 
applied to the contact. When using the current source (instead of 
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voltage source), the derivatives of IVs are dertermined by means 
of the small alternating current. 

The theoretical analysis of the response of the NCs in the 
thermal regime [2] shows that the characteristic parameter is the 
frequency of the NC temperature relaxation νТ~sli/d2 (s – speed 
of sound). With increasing modulation frequency, a transition 
occurs from synchronous detection (rectifying) of the external 
signal at Ω<νT to bolometric detection when Ω>νT. In the first 
case, the temperature of the contact changes with applied voltage, 
while in the second case, the alternating external signal is 
converted into stationary heating of the contact. In this regime, 
the response becomes a rather smooth function of the bias 
voltage, V0. The formulae for the NC response to HF radiation 
are [4]: 

a) at low frequencies (Ω<νT) 
 

  
2
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0

04
( ) ( )tr

eVV dI V C g S ωδ ω
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∞ ⎛ ⎞
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∫ ,  (4.2) 

 
where 3 / iC m ne Rπ ρ= ⋅ ħ . In this case the response signal is 
proportional to the 2nd derivative of the IVC, as we noted before 
(3.4). 
 

 b) at high frequencies (Ω>νT) 
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/2
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0
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ππ π− ⎛ ⎞
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⎝ ⎠
∫ . (4.3) 

 
In this case radiation from the external source induces a HF 

current in the contact which heats up the NC while the bulk 
electrodes remain cool. Theoretical analysis shows [5] that in this 
situation the response of the contact will be similar to the 1st 
derivative of the IVC.  

The situation changes when irradiating in the optical range, 
since in these conditions the heating also impacts the bulk 
electrodes (zone covered by the spot of the focused laser beam).  
At large generated voltages V0

2/4L>>T0
2 and consequently at 

high temperatures of the NC, when the function ρph(T) is linear 
(ρph(T)=αT), we obtain 

 

( )2 2
1 0( )

i

L T T
I V

R

α
δ

ρ
−

= − .   (4.4) 

 
So, the response signal δI in the case of irradiation in the 

optical range is no longer dependent on the bias voltage, V0. 
These theoretical considerations will be proven experimentally 
(see below). 

4.4 Experimental Results for Cu Nanocontacts 

The solid line in Fig. 4.3 shows the Cu-Cu NC response under 
irradiation with a frequency Ω/2π=79 GHz. Using the value 
ρi=9.10-6 Ohm.cm, the resistance of the contact R=3,33 Ohm and 
(ρli=5.3.10-12 Ohm.cm2), we obtain for the elastic mean free path 
for this NC li~6 nm, and a diameter of d~27 nm.  
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With these data the frequency of thermal relaxation is derived 
for this NC fT ~13 GHz (considering the speed of sound s=4,7.105 
cm/s for Cu). This value is much lower than the frequency of the  

 
Fig. 4.3 The response of the Cu nanocontact to irradiation at the 
frequency Ω/2π=7,9.1010 GHz: 1 – calculation with gtr(ω), 2 – 
calculation with gpc(ω), continuous line – the experimental data. 
 
impinging radiation. So, for the calculation of the response for 
this NC the formula (4.3) can be used. To make the calculations 
correspond to the experimental data, a V1 value of 4,7 mV was 
chosen for the calculations with gtr(ω)and V1 value of 3.2 mV for 
the calculations with gpc(ω). 

The solid line in Fig. 4.4 presents the experimental results 
obtained for the Cu-Cu NC irradiated with the He-Ne laser. The 
laser beam was focused through the glass substrate on the back 
side of the Cu film.  The inset in Fig. 4.4 shows the PC spectrum 
of this contact.  The film thickness was ~1 μm. Identical 
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dependences were obtained with direct irradiation of the NC 
(front side). This experimental fact confirms the thermal nature 
of the response. As one can see, the signal Vd monotonously  

 
Fig. 4.4 The response of the Cu nanocontact to irradiation with 

visible light: the solid line represents the experimental data 
(point-contact spectrum); 1 – response calculated with formula 
(4.4); 2 – response calculated with formula (4.5). Insert: low 
frequency (~1 kHz) spectrum of the contact. 

 
increases with the bias voltage (the measurements were 
performed up to ~170 mV) in contrast with the theoretically 
predicted saturation. 

Line 1 in Fig. 4.4 shows the result of microscopic calculations 
for the Vd caused by the incident radiation over-heating of the 
NC (we chose ΔT=T1-T0=5 K) and by the bias current. The 
theoretically predicted saturation (line 1) is easy to understand, if 
one considers the NC as a bolometric element whose temperature 
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depends not only on the environment and the incident radiation, 
but also on the transport current: 
 

 ( ) ( ) ( , )S
d

dRV V I V V T T
dT

= Δ .   (4.5) 

 
With increasing bias voltage, the NC temperature increases as 

well in agreement with (2.14), but the magnitude of the ΔT under 
irradiation becomes smaller. This decrease of ΔT compensates 
the signal increase due to increase of the transport current and 
brings the response signal to a constant value. However, this is 
not what is observed experimentally (solid line in Fig. 4.4). 

Let us try to explain the experimental results by assuming that 
the temperature increase ΔT, due to irradiation with a laser beam, 
is independent of the bias voltage value. Then, 

 

1/22( ) 1 ( )s
d

d

RV V L V T
R

⎡ ⎤
= − Δ⎢ ⎥

⎣ ⎦
.  (4.6) 

 
The response values for ΔT=0,16 K calculated in this way are 

shown in Fig 4.4 (line 2). Our assumption can be motivated by 
the special contribution of the NC’s lateral surfaces to the 
response signal. These surfaces are heated less by the current 
because of phonon heat transfer to the environment. Their 
temperature is not determined by (2.14). On the other hand, the 
radiation-induced heating of these surfaces is maximal. Certainly, 
in real conditions the response is due to superposition of (4.5) 
and (4.6) contributions. Thus, while under HF radiation the 
induced current heating of the NC itself dominates, for exposure 
to radiation in the optical range, the direct beam heating of the 
lateral surfaces gives the main contribution to the response 
signal. Experiments with sub-millimetre and CO2 lasers 
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ascertained that the bias dependence of the response starts to 
change at a frequency of 2,83.1013 Hz.  

The nature of the response of a Cu NC in the ballistic regime 
(Chapter 5) also changes for frequencies higher than 2,83.1013 
Hz, where radiation heating of the surrounding zone of the 
NC,becomes important and not only that of the NC itself. 

4.5 Conclusions 

With increasing radiation frequency in the HF range, a 
transition from synchronous detection (rectifying) of the external 
signal at Ω<νT to bolometric detection at Ω>νT occurs (νT is 
frequency of thermal relaxation of the NC). According to 
theoretical models, in the first case (Ω<νT) the temperature of the 
contact changes with applied alternating voltage and a simple 
relation determines the bias voltage dependence of the contact 
temperature in the thermal regime. In the second case (Ω>νT), the 
influence of the alternating external signal is converted to 
stationary heating of the contact (bolometric effect). In this 
regime, the response becomes a smooth function of the bias 
voltage, proportional to the first derivative of IVC and not to 
d2I/dV2. The higher the irradiation frequency in comparison to the 
contact relaxation frequency, fT, less the NC temperature follows 
the alternating bias.  

For Sb and Cu NCs the experiments prove that for Ω/2π>fT the 
response signal dependence of the bias corresponds to the 1st, and 
not to the 2nd derivative of the IVC of the NC. 

From the frequency dispersion of response signal a 
characteristic frequency, fT, of ≈2.108 Hz was determined for the 
thermal relaxation of a given NC of Sb. The thermal relaxation 
frequency of a Sb NC was also estimated theoretically (based on 
the determined NC parameters) in two different ways and the 
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results (0,22 GHz and 0,12 GHz) were in good agreement with 
experiment.  

The experimental response of Cu NCs in the thermal regime to 
irradiation with light in the visible range differs from calculations 
according to the bolometric response model. To reach agreement, 
one has to assume that the direct beam heating of the lateral 
surfaces (and not only of NC zone) becomes the main 
contribution to the response signal in the optical range. 
Significant NC lateral surface heating was experimentally 
observed for frequencies above f ≈2,8.1013 Hz. 
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Chapter 5 
 

 NONLINEAR ELECTRICAL 
CONDUCTIVITY OF METAL 

NANOCONTACTS IN THE 
BALLISTIC REGIME 

5.1 Abstract 

 
In this PhD project we devoted special efforts to the analysis of 

the quasiparticles relaxation kinetics of NCs in the ballistic 
regime for the whole range of excitation energies. The electron-
phonon interaction part of the PC spectra (eV<hfD), caused by 
the spontaneous phonon generation, changes very little for high 
frequencies, while the background part (eV>hfD), brought about 
by the reabsorption of non-equilibrium phonons, transforms 
significantly under HF irradiation.  

The interesting phenomenon of the background signal which 
decreases as the frequency of the radiation increases, discovered 
earlier by different authors [1, 2], was investigated in details. As 
will be illustrated below, we could calculate the characteristic 
frequency for phonon-electron interaction in Cu, and establish 
the classical and quantum detection frequency ranges as well as 
the characteristic frequency for the transition to a bolometric 
response. 

Improved resolution of PCS at high frequencies f>fT, fph-e, 
(where fT is the thermal relaxation frequency of the NC, and the 
fph-e is the frequency of non-equilibrium phonon on electron 
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relaxation) due to reduced reabsorption of non-equilibrium 
phonons was proved. 

Spectra with negative sign of second derivative d2V/dI2<0 
(inversed spectra) for Sb, a semi-metal characterised by a low 
carrier concentration and a low Fermi energy, and their 
frequency dispersion were studied. 

As for the NCs in the thermal regime, we performed systematic 
studies of the non-linear properties of ballistic NCs of Cu in the 
wide frequency range (103-4,78.1014 Hz), and observed the 
transition from classical to quantum detection regime. 

From the frequency dependence of the background reduction 
coefficient we could deduce the frequency for non-equilibrium 
phonon relaxation in Cu - an important parameter for the 
phonon-electron kinetics. 

The investigation of the bolometric response when irradiating 
with visible light established the importance of direct laser 
heating of the lateral surface of the NC. 

The experimental results concerning the response to irradiation 
in the optical frequency range allowed to establish a special type 
of PCS, namely Laser Thermal Point-contact Spectroscopy, 
characterized by a better resolution of spectral singularities. 

5.2 Experimental Results and Theoretical Analysis 
of the Relaxation Kinetics for Cu Nanocontacts in 
the Ballistic Regime 

Phonon and PC spectra of Cu have been studied extensively [1-
4]. In the present work, the investigated NCs were of “ pin-to-

plate”  geometry with contact resistances in the range of 0,5-7 
Ohm. In each measurement cycle, the PC spectrum of the contact 
and a series of response signals at HF irradiation were registered. 
At the end of each cycle, the acoustic frequency (~1 kHz) 
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spectrum was compared with the initial one to verify the stability 
of the contact. All spectra were normalised to the maximum 
intensity of Transverse-phonons (T-phonons) peak, as to neglect 
the background at this energy. 

All NCs reported in this chapter were in the ballistic current 
regime as proven by the high intensity of the spectral 
singularities, by the relatively low background level of the 
response to HF irradiation and also by the calculated 
characteristic contact parameters. The EPI part of the spectra 
(eV<hfD) due to spontaneous phonon generation changes very 
little for HF (Fig. 5.1), while the background part (eV>hfD) due 
to reabsorption of non-equilibrium phonons varies significantly. 
The reduction of the background in the HF spectra evidences a 
new spectral singularity that occurs at a combination of 
transverse and longitudinal phonon energies, hft +hfl , shown in 
Fig. 5.1 with an arrow. The results for the Cu NCs presented in 
Figs. 5.1 and 5.2 were obtained earlier by different authors [1, 2]; 
with the present work these results were completely confirmed. 
Extensive studies of these phenomena permitted us a detailed 
analysis of the relaxation kinetics for Cu NCs [5, 14, 19, 20]. 

A gradual decrease of the background signal at MW 
frequencies was observed for the bias values eV>hfD up to 100 
meV (Fig. 5.1).  Such a behaviour is not predicted by theory. 
Another unexpected experimental result was the saturation of the 
background with increasing frequency of the impinging 
radiation; in fact, (2.23) predicts that the background signal 
decreases monotonously to zero as the frequency rises. 

The response signal, Vd, for all NCs was measured at minimal 
power levels at mW range. With increasing power a linear 
increase of the response signal (Fig. 5.2) was observed [2, 5] 
which confirms that the normalisation of the response values to 
the maximum of the T-phonons peak is correct. 
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Fig. 5.1 Point-contact spectra of Cu measured [1, 2] at acoustic 
frequency (~1 kHz) (1) and at microwave frequency (80 MHz) 
(2). 
 

In the following we focus on the nature of residual background 
in the PC spectra collected at HFs. The deviation of the 
experimental results from the theoretically predicted monotonous 
dependence (η~1/f2) can be explained as follows. The 
measurement of the video-detection signal for a given transport 
current is performed by registrating the voltage difference Vd on 
the NC under irradiation and in the dark (3.4). When the IVC 
does not depend on frequency, the Vd value is determined by the 
rectification of the alternating HF current on the IVC non-
linearities, and for small modulation amplitudes the signal Vd is 
proportional to the second derivative of the IVC. In the case of 
HF (f > fph-e), the IVC are modified because of a different 
contribution of the phonon reabsorption to electron scattering. 
The Vd value will not be only due to HF rectification, but also  
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Fig. 5.2 The dependence of response signal on the power (at mW 
level) of the high frequency radiation for Cu nanocontacts [2], at 
17 mV (1) and 60 mV (2) bias voltage. 
 
depends on the modification of the IVC under irradiation. This 
additional contribution is due to the excessive amount of non-
equilibrium phonons generated in the NC by the HF current, at 
bias eV>hfD. It can be referred to as a bolometric contribution, 
i.e. as modification of the NC resistance with HF irradiation. The 
higher the irradiation frequency, as smaller the part of non-
equilibrium phonons that follows the HF current because of the 
phonon relaxation inertia.  

The NC temperature increases under HF irradiation only in the 
thermal regime (Chapter 4). The experiments prove and theory 
confirms that a frequency increase in the range f>fT (where 
fT≈sli/d2 is the thermal relaxation frequency of NC) brings about a 
non-linear relation between bias and contact temperature. For the 
contacts in the ballistic regime, the stationary part of the NC 
temperature is referred to as an effective temperature of the 
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phonon subsystem, and is higher than the ambient (Helium bath) 
temperature. The electron subsystem continues to have the 
ambient temperature. 

As theoretical works show, when the elastic mean free paths of 
phonons and electrons are approximately the same, the thermal 
relaxation frequency (fT) is similar to the frequency of non-
homogeneous escape of phonons from the NC, and both these 
frequencies are almost equal to the frequency of phonon-electron 
interactions fph-e. As the radiation frequency increases, the 
rectification part of response signal Vd decreases, while the 
bolometric contribution grows and finally dominates the response 
signal. The amplitude of the bolometric component is 
proportional to the contact current and to the resistance change 
under irradiation; it grows monotonously with the current. This 
consideration clarifies the background signal behaviour. At high 
enough frequencies (f>fph-e) and small bias (eV<hfD), the video 
response signal is determined mainly by the rectified HF current. 
With increasing bias, this part tends to zero, while the bolometric 
part (proportional to the first derivative of IVC) intensifies. A 
similar behaviour was described before (Chapter 4) for contacts 
in thermal regime exposed to alternating electromagnetic fields 
of frequencies f >fT. 

Another characteristic feature of the HF spectra is the intensity 
decrease of the response at bias voltages in the range eV>hfD. 
Fig. 5.1 shows a saturation for bias voltages around 100 mV [1, 
2], which can be explained with an intermediate phase of phonon 
gas thermalization occurring through phonon-phonon collisions. 
The probability of such interactions is of one order of magnitude 
higher than that of phonon-electron interactions. The effective 
phonons temperature (2.20), i.e. the number of non-equilibrium 
phonons increases with bias voltage. The frequency of this 
process is limited by the thermal capacity of the phonon 
subsystem. The thermal capacity grows with temperature, 
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increasing the thermalization time and hence the inertia of the 
phonon system. The saturation of thermal capacity occurs at the 
temperatures higher than the Debye temperature Teff>ΘD, which 
corresponds to eV=4kBΘD=110,3 meV for Cu as seen 
experimentally in Fig. 5.1. 

As noted before, the HF measurements for Cu give evidence 
for a spectral singularity at eV~45 meV, absent in the low 
frequency measurement. One of the reasons for the worse 
resolution of conventional low frequency Point Contact 
Spectroscopy is heating of the NC by the transport current. At 
frequencies f>fT, fph-e, reabsorption of non-equilibrium phonons 
and thermal effects are reduced, and hence the resolution of HF 
spectroscopy is improved. This phenomenon does not influence 
the spontaneous generation of phonons by non-equilibrium 
electrons, as soon the operational frequencies f<<fe-ph. 

Due to the improved resolution and the fact that additional 
information that can be retrieved from HF measurements, this 
method is considered as a new kind of PCS and called High 
Frequency Point-Contact Spectroscopy. 

5.3 Relaxation Kinetics of Non-Equilibrium 
Phonons in Sb Nanocontacts 

The investigation of semi-metallic NC such as Sb, characterised 
by a low carrier concentration and a low Fermi energy 
(comparable with phonon energies) permits to discover new 
effects, for instance trajectory effects for ballistic contacts (when 
the Larmor orbital radius for electrons is comparable with the NC 
diameter), and quantum interference effects related to localised 
electronic states [6, 7]. However, other authors encountered 
difficulties when trying to explain the background part of the 
spectra, which is usually attributed to reabsorption processes of 
non-equilibrium phonons. The nature of the background signal 
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for Sb was not clear up to now. We performed HF PCS 
experiments with Sb [8, 9], and explained them based on the big 
difference in relaxation frequencies for electrons and phonons in 
metals (~103).  

The spectra obtained experimentally agree well with the ones 
known from literature [6, 7] for the same orientation of NC axis 
relative to crystallographic axis of Sb. The PC spectra of the EPI 
present (see lines 1 in Fig. 5.3-5.5) a singularity at an energy 
eV≈2 meV, which can be attributed to intravalley electron 
scattering processes, as well as two main peaks due to intervalley 
processes involving acoustic (eV≈7,3 meV) and optical (eV≈17,5 
meV) phonon modes. The good quality of the contacts is 
indicated by the high intensity of the main peaks, as well as by  
 
 

 
Fig. 5.3 Point-contact spectra of Sb, measured at acoustic 
frequency (~1 kHz) (1) and in the high frequency range: at 0,6 
GHz (2) and at 70 GHz (3). Contact resistance R0=0,74 Ohm. 
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the presence of singularities at energies which are a multiple or a 
sum of of the fundamental ones and hence associated with multi-
phonon generation processes. At higher bias eV≈175 eV a big 
maximum of thermal nature can be seen; this phenomena was 
analysed before (section 4.2).  

It has been reported elsewhere [6, 7] that for dirty Sb NCs 
present EPI spectra of a negative sign of second derivative 
d2V/dI2<0 (inverse spectra). The same is true or for contacts 
obtained through multiple contacting of electrodes. The latter 
procedure implies creating a considerable amount of deformation 
(cold-work hardening) of the Sb crystal structure. According to 
[6], the elastic mean free path li in these crystals may be of the 
order of 10 nm, which is comparable with de Broglie wavelength 
λF=2πħ/pF (pF is the Fermi momentum) of carriers in Sb due to 
the small value of pF (εF~90 meV). The condition li≈λF brings 
about the possibility of spatial localization of electron states.  The 
scattering of non-equilibrium electrons by phonons in a NC 
causes a phase lag between electron wave functions, i.e., it 
violates the quantum localization and hence leads to an increase 
in the conductivity of the contact (d2V/dI2<0 with DC bias 
increasing) and so, to the inverse spectra.  

The theory of quantum interference effects in the electrical 
conductivity of NCs was developed in [10]. Figure 5.4 shows the 
inverse EPI spectrum obtained after contacting the electrodes 
repeatedly. The main characteristic features of this spectrum are 
in good agreement with the data of [6, 7]. As can be seen in Fig. 
5.4, the background of the inverse spectrum is negative. 

The emergence of a background in PC spectra is associated 
with the reabsorption of non-equilibrium phonons by the electron 
flow. For large bias voltages across a contact, the number of non-
equilibrium phonons increases with voltage, and so does the 
number of scattering events of the electrons. In other words, the 
contact resistance (the first derivative) also increases, and hence  
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Fig. 5.4 Inverse point-contact spectra of Sb (1) and video 
response at frequencies 0,59 GHz (2) and 70 GHz (3). Contact 
resistance R0=2,05 Ohm. 
 
the second derivative will have a positive nonzero value in this 
energy range. In the presence of quantum phase-coherent 
localization effects, the above-mentioned processes violate the 
localization in the NC, the contact resistance decreases with 
increasing eV, and the second derivative will be negative. 

When the contact is exposed to radiation in the MW wave 
range, the processes of emission and reabsorption of non-
equilibrium phonons by electrons are separated in time due to a 
considerable difference between the characteristic relaxation 
times of the electron and phonon subsystems of the metal. This 
allows us to establish where the background in the PC spectra 
originates from and to determine the characteristic phonon 
relaxation times. The phonon-electron relaxation frequency for 
Debye phonons in Sb can be estimated from (2.22). Using the 
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values s=3,4.105 cm/s for the speed of sound, vF = 0,7.108 cm/s 
for the Fermi velocity, ΘD=210 К for the Debye temperature for 
Sb, and λ=0,09 for the EPI constant obtained from NC studies 
[6], we obtain fph-e=1,8 GHz. Taking this value of the 
characteristic phonon relaxation frequency into account, we 
measured the microwave PC spectra for exposure to 
electromagnetic radiation with frequency in the interval 0,1-80 
GHz. 

The microwave PC spectra of Sb are shown in figures. 5.3 and 
5.4 (lines 2,3) for two different frequencies of the impinging 
radiation. For inverse MW spectra, the radiation was specially 
screened by an attenuator at the end of recording in order to 
control the negative sign and its zero level. Fig. 5.5 shows the 
analogous result for another NC in which a partial spatial  
 

 
 
Fig. 5.5 Point-contact spectra of Sb at acoustic frequency (~1 
kHz) (1) and at 80 GHz (2). Contact resistance R0=3,57 Ohm. 
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localization of electron states appears to take place.  For all 
measurements, the intensity of the MW radiation was chosen in 
such a way that amplitudes of main EPI peaks at low and high 
frequencies coincide. Such a normalization of signals correlates 
the difference between the coefficients of coupling for the NC 
and external MW field and allows a direct measurement of the 
frequency dispersion of the response signal.  

From the results presented in Figs. 5.3-5.5 follows that for large 
bias voltages across the contacts, one observes a considerable 
decrease in video response signal in the background region even 
for frequencies of the impinging radiation of a few hundred 
MHz. A further increase in frequency by two orders of 
magnitude (up to 80 GHz) causes only a slight change. The 
background signal is found to increase with DC bias voltage 
across the contact. This increase in background may be observed 
even in the inverse spectrum region as shown in Fig. 5.5. As 
noted before (section 4.2), such a behaviour is determined by the 
contribution of thermal effects. 

We shall now analyze the behaviour of the background signal 
for various radiation frequencies in the energy interval 30-60 
meV in the immediate vicinity of the EPI spectrum. It follows 
from data presented in Figs. 5.3-5.5 that the maximum variation 
in background amplitude occurs in the acoustic frequency 
interval up to ~0,6 GHz, and can be attributed to the emergence 
of thermal effects (see above). Moreover, the frequency 
dispersion of the background in the interval 0,6-80 GHz is quite 
insignificant, and a high level of residual background signal is 
observed even when the measurements are carried out at the 
limiting frequency of 80 GHz. 

The weak dispersion of background in the interval of 
frequencies close to the characteristic phonon-electron collision 
frequency in Sb fph-e~2 GHz points to a low intensity of 
reabsorption processes of non-equilibrium phonons that can leave 
the NC region without being scattered by electrons. 
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In view of this weak reabsorption of non-equilibrium phonons 
in Sb contacts, we can’t attribute the high level of residual 
background for f~80 GHz to the bolometric effect (i.e., to the 
presence of non-equilibrium phonons in NC, as it was done 
before in section 5.2, for Cu NCs). In all probability, the residual 
background is due to rapid electron-phonon scattering processes 
with a high characteristic frequency fe-ph~λfD~1013 Hz. Therefore 
we conclude from Fig.s 5.3-5.5 that due to the energy 
dependence of the electron-phonon relaxation length, Sb NCs 
undergo a transition from the ballistic (li, lε>>d) or diffusive    
((li lε)1/2>d) regime to the thermal one (lε li,<<d). According to 
the theory of PCS in the dirty limit [11], the intensity of multi-
phonon generation processes increases due to energy relaxation 
of the electrons in the NC. The presence of a background 
contribution from electron relaxation apparently necessitates the 
introduction of a phenomenological correction [6], which 
increases linearly with bias voltage. 

All the above considerations concerning possible reasons 
behind the observation of frequency dispersion of the 
background signal are also applicable to contacts with localized 
electron states possessing inverse PC spectra. We can neglect the 
direct influence of the electromagnetic field on the phase lag 
between electron wave functions in the NC [12, 13] for energies 
higher than the Debye energy because of the small characteristic 
times τφ~τe-ph~10-13 s in this energy region. The situation becomes 
a little more complicated for the contact presented in Fig. 5.5. In 
spite of a positive EPI spectrum of the NC, the background 
becomes negative upon increasing the voltage, and then, at even 
higher values of eV tends to come back to positive values 
characteristic for a thermal anomaly of the IVC. Such behaviour 
of the second IVC derivative can be explained by assuming that a 
fraction of conduction electrons in the NC is localized in space in 
some part of the contact volume. PC spectral studies for Sb show 
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that the response of NCs is described correctly by the “T-model” 
[6] in which impurities are assumed to be concentrated in a 
narrow layer of thickness T<d at the surface of the contacting 
electrodes, while the entire remaining NC volume is assumed to 
be clean. With an increase in the excess energy of the electrons, 
the EPI overcomes the localization of states in the impurity 
interlayer, and the resistance begins to decrease (d2V/dI2<0). 
However, the NC changes over into a thermal regime upon a 
further increase in voltage, and thereafter its resistance increases 
again. The behaviour of the second IVC derivative at HF (line 2 
in Fig. 5.5) is determined by the competition between several 
relaxation mechanisms with different characteristic times (τe-ph at 
low energies, τφ and τph-e at intermediate energies, τT at high 
energies) and is in good agreement with the proposed model.                                

5.4 Laser Thermal Point-Contact Spectroscopy of 
Metals 

5.4.1 Experimental Results 

In Chapter 4 we showed that the video response of NCs in the 
thermal regime contains spectral singularities, specific for low 
frequency spectra. Despite the large energy of optical photons 
(ħΩ~2 eV for λ=0,63 μm), no  broadening, characteristic for 
quantum detection process, of these singularities was observed. 
In this section we describe the studies of pure ballistic Cu NCs, 
performed to clarify the physical nature of video detection [5, 
14]. 

To improve the coupling between electromagnetic radiation 
and NC, we used the “pin-to-plate” geometry. A spear-shaped 
electrode made of Cu wire of diameter 0,2 mm was sharpened to 
a diameter ~1 μm. The second electrode was a copper cylinder 
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with a polished end face or a Cu film of thickness 1,5 μm 
deposited on a 1,5 mm thick glass substrate. Both electrodes 
were brought together by a precision mechanism and the NCs 
were formed directly in liquid Helium. 

Optical radiation was generated by a multimode He-Ne current 
wave laser of nearly 25 mW power at a wavelength λ=0,63 μm 
(Ω/2π=4,75.1014 Hz, ħΩ=1960 meV). The laser beam was 
focused through a quartz window in the cryostat walls by a lens 
to a spot diameter of 0,05 mm in the region of NC. The 
irradiation of the NC was performed in two different ways as 
sketched in Fig. 5.6: in the first case (a) the laser beam was 
directly focused on the NC; in second case (b) it was focused on 
the backside of the Cu film. 

 
Direct  laser beam irradiation of a contact. 
For metal NCs, the region of relatively strong non-linearity of 

IVC associated with electron-phonon interaction extends to 
Debye energies and covers an interval up to tens of meV (~35 
meV for Cu). The energy of a radiation quantum was ћω~2 eV. 
Hence, in accordance with (3.5), we can expect a monotonic 
increase in response upon an increase in constant bias voltage 
across the NC. 

 

 
 
Fig. 5.6 Contact configuration and two methods of laser 
irradiation: 1 – spear; 2 – copper film; 3 – glass substrate. 
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The experimental result for the bias voltage dependence of the 
video response signal , Vd(V), upon direct irradiation of a Cu 
contact with the laser beam and the corresponding low frequency 
spectrum are depicted Fig. 5.7 (a). As can be seen from the 
figure, the detected signal has well-defined spectral singularities 
whose shape and position coincide with the EPI spectrum of Cu 
with a slightly enhanced background level. The measurements 
were made at a NC temperature T=1,7 K in superfluid Helium. In 
normal Helium (T>Tλ), the amplitude of the response signal was 
found to be much larger. Replacement of a thin film electrode by 
a bulk Cu cylinder [1, 2] practically did not change the result and 
simply led to a manifold decrease in signal amplitude and to 
sharper spectral singularities due to a more perfect structure of 
the metal in a bulk electrode. 

 

 
Fig. 5.7 Video response of a Cu contact (1) and its low frequency 
(~1 kHz) spectrum (2): upon direct irradiation (a) and upon 
heating (b) with laser beam. 
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Rotation of the polarization plane of the laser radiation led to a 
20-30% variation in response signal amplitude, the maximum 
being observed when the projection of the electrical component 
of the external field was parallel to the spear. 

The unusual shape of measured signal can be attributed to a 
broadening of the EPI spectral singularities under the action of 
the laser irradiation since the light frequency is comparable to the 
reciprocal time of flight of the electrons through the NC region. 
It follows from theory [15] that a dispersion of the conductivity 
should be observed under such conditions. For a contact whose 
characteristics are described in Fig. 5.7 (a), the reciprocal time of 
flight is vF/d~2,2.1014 Hz (vF=1,57.108 cm/s is the Fermi velocity 
of electrons in Cu, and the contact diameter d~7,3 nm is 
calculated from its resistance R=17 Ohm). Such a broadening 
results in a smoothing of non-linear IVC regions under 
irradiation, and hence the difference in IVC measured in the 
modulation technique experiments assumes its highest value in 
these regions. 

Another mechanism for the broadening of the EPI spectral 
singularities may be heating of the NC by laser radiation since 
heating broadens the Fermi edge. This explains the enhancement 
of the effect in He-I and for a film electrode which has a poorer 
heat removal from the hot spot as compared to bulk metal. The 
polarization dependence of the response intensity may be due to 
antenna properties of the spear or to a change in the absorption 
and reflection coefficients for different directions of the radiation 
polarization according to the Fresnel formula, and cannot serve 
as a proof of the non-thermal nature of the response. 
 

Heating of a contact by a laser beam. 
Focussing the laser on the backside of the Cu film (Fig. 5.6 (b)) 

corresponds to studying the processes associated with heating of 
the NC. The maximum amplitude of the recorded signal was 
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attained by scanning the surface of the film with a luminous spot. 
Under such experimental conditions, the role of the laser beam is 
reduced to generating a phonon flux on the NC.  

Non-equilibrium electrons excited by an external 
electromagnetic field to energies ħΩ~2 eV relax as a result of 
electron-phonon scattering and generate high-energy non-
equilibrium phonons with low group velocities. As these phonons 
propagate through the film, equilibrium in the phonon subsystem 
is attained as a result of phonon-phonon scattering. In view of the 
large thickness and structural heterogeneity of the film, it can be 
assumed that the phonon distribution at the NC attains its 
equilibrium which is characterized by certain temperature value 
Т0+ΔТ exceeding the thermostat (Helium bath) temperature Т0.  

The experimentally measured dependence of thermal response 
on bias voltage is shown in Fig. 5.7 (b) along with the EPI 
spectrum of this NC. It can be seen that the results are practically 
the same as in Fig. 5.7 (a) for direct exposure to light. 
Measurements were carried out on a contact with resistance R=16 
Ohm at a temperature Т0=2,8 К and a laser power of 10 mW. In 
both cases (Fig. 5.7 (a, b)), a broadening of EPI spectral 
singularities in the signal being detected is visible.  

With increasing irradiation power, at least up to ~15 mW, the 
video response amplitude was proportional to the power. 

For temperatures below Тλ=2,17 К, no signal could be 
registered even for maximum laser power, in contrast to the 
experiments with direct irradiation of contact. The disappearance 
of the signal upon an improvement of heat removal due to a 
transition of Helium to its superfluid state confirms the 
hypothesis of the thermal nature of the observed effect. 

Special experiments were carried out for estimating the heat 
constant τ of structure “substrate-film-spear”. For this purpose, 
the response signal was measured for a constant bias voltage 
V=17 mV across the NC in the static regime by using a 
compensation DC microvoltmeter and in the dynamic regime in 
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accordance with the above technique with a modulation 
frequency f=420 Hz for the radiation intensity. The signal 
amplitude was found to be exactly twice as high in the static 
regime. In view of the symmetry of the modulator, it can be 
concluded from such a result that the structure under 
consideration has a time constant τ<1/420 s~2,4.10-3 s. 

The thermal origin of the response Vd measured by us is also 
confirmed by calculations carried out for the NC presented in 
Fig. 5.7 (b). Calculations were made by using the experimental 
values of the IVC, its first and second derivatives, obtained in 
absence of radiation. The absolute value of the response signals, 
Vd~10-6 V, is 2-3 orders of magnitude smaller than the error in 
the measurement of the IVC. Hence, more accurate values of the 
IVC were obtained by doubly integrating the values of the 
second derivatives. Experimental IVC were used for 
transforming the voltage dependences into current dependences. 
The IVC calculated in this way was found to coincide practically 
with the experimental IVC. 

From a comparison of height and half-width of the T-peak in 
the PC spectra measured under laser irradiation with the PC 
spectra of Cu recorded in [16] at different temperatures we 
estimated the temperature increase ΔT to amount to 5 K. The 
obtained dependences correctly reflect the shape of the 
experimentally observed signal, although the absolute peak 
values are slightly higher (see line 1 in Fig. 5.7 (b) and Fig. 5.8). 
Moreover, calculations show that the amplitude of response 
signal has a non-linear dependence on temperature increase ΔT. 
The observed discrepancies with experiment are associated with  
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Fig. 5.8 Calculated values of point-contact signal for a 
temperature increase ΔT=10 K (1) and 5 K (2). 
 
approximations used for simplifying the calculations, and with a 
nonsymmetric heating of electrodes in the NC region under 
actual experimental conditions.  
So far, we have considered the results for small-size pure NCs 
with electrons moving in the ballistic regime. Such contacts have 
a resistance of 10-20 Ohm. For the contact whose PC spectrum is 
shown in Fig. 5.7 (b), the maximum intensity of spectrum gives a 
value gpc

max~0,24, which is characteristic for the ballistic regime 
in a Cu contact [4]. An increase in geometrical size of the current 
concentration region leads to a change in electron-phonon 
kinetics, and a transition to the diffusive regime. Our 
measurements show that the shape of the response signal also 
undergoes a significant change for such contacts as illustrated in 
Fig. 5.9. 

As can be seen in Fig. 5.9, the spectral components are 
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Fig. 5.9 Change in shape of the response signal for different 

types of Cu NCs: response signal obtained under optical 
irradiation on the back side of contact (1); point-contact 
spectrum of the same nanocontact (2). 

 
smoothed upon transition to the thermal regime, and the response 
signal acquires a monotonic component that increases sharply 
with increasing of bias voltage. In these conditions, the measured 
signal cannot be associated only with a smoothing of EPI spectral 
singularities due to thermal broadening of the Fermi edge as a 
consequence of irradiation. This is so because the NC 
temperature in the thermal regime is given by the constant bias 
(see (2.16)) and is much higher than the quantity ΔT associated 
with laser heating. 
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5.4.2 Theoretical Basis of the Laser Thermal Point-
Contact Spectroscopy 

The entire body of experimental data makes it possible to 
formulate the basic concepts of a special type of PCS, - the Laser 
Thermal Point-Contact Spectroscopy. In the modulation 
temperature spectroscopy technique presented in [17], the change 
in contact temperature is due to the transport current, and the 
banks (bulk electrodes) remain cold due to a strong current 
spreading. Exposure of the NC to the optical laser radiation 
results in a heating of the electrodes in the immediate vicinity of 
the constriction, which is equivalent to an increase in the Helium 
bath temperature by an amount ΔT. The heating asymmetry due 
to irradiation of only one electrode (Fig. 5.6 (b)) should not affect 
the results significantly according to the data presented in Fig. 
5.7. Apparently, the effect is felt more strongly on the amplitude 
of the signal being registered than on its shape. 

The experimental signal Vd is the difference between two IVC 
of the NC at the temperatures Т and Т+ΔТ, respectively. To 
calculate this difference, we use the expression for the IVC of a 
metal NC from [18]: 
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(5.1) 
 
where β= (kBT)-1, c=8d/3evFR0 and gpc(ε) - the NC EPI function. 

For a small temperature increase (δT<<T), the current response 
can be presented in the form δI~(∂I(V)/∂T)δT. Omitting terms in 
(5.1) that do not have a singularity at the point ε=eV and 
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differentiating, we obtain the following expression for the 
inelastic component of the current: 
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is the thermal broadening function. 

For a crystal where lattice vibrations are represented with the 
Einstein model (g(ε)=g0δ(ε – ε0)), the emergence of a spectral 
singularity in response to laser irradiation is presented 
schematically in Fig. 5.10. 

In the case of strong heating (ΔT>T0), we must compute the 
difference between two expressions (5.1). Assuming that the 
elastic component of the current does not change upon irradiation 
and that the temperature is low, we obtain an expression 
analogous to (5.2) but with a different thermal broadening 
function: 
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The peak half-width for the functions χ1 and χ2, is 6kBT and 

2,5kBT, respectively, and not 5,44kBT as for conventional low 
frequency PCS. 
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Fig. 5.10 Emergence of spectral singularity in laser response for 
the Einstein model of crystal lattice vibrations. 
 

5.5 Characteristics of Ballistic Nanocontacts 
Exposed to Radiation from Acoustic to Optical 
Frequency Range 

The results presented above show that the response of clean 
ballistic NCs when exposed to electromagnetic radiation can be 
determined by different mechanisms: the detection of a HF 
current or contact heating through irradiation in the optical range. 
To distinguish the frequency ranges for responses of different 
nature, we systematically studied the non-linear properties of 
ballistic NCs in the wide frequency range, similarly to what we 
did for the NCs in thermal regime and described in Chapter 4. 
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The results of these investigations [19] for the Cu NCs are 
presented in the remainder of this chapter. 

The typical dependencies of the response signal on the bias 
Vd(V) for different frequencies, shown in Fig. 5.11, are similar, 
as far as their common features are concerned, to the EPI 
spectrum of a clean Cu NC where electrons are moving 
ballistically. 

 

 
 
Fig. 5.11 Experimentally measured responses of a Cu 
nanocontact when exposited to radiation at frequencies Ω/2π: 
3746 Hz (а); 7,9.1010 Hz (b); 2,5.1012 Hz (c); 4,3.1012 Hz (d). 
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In these measurements of the response when exposed to 
electromagnetic radiation in different frequency regions, the 
radiation was supplied to NCs by different methods: with the 
help of a waveguide in for wavelengths in the microvawe range, 
employing the light guide in the IR range, through the the 
windows in the lateral walls of the cryostat and lenses in the 
visible range. Hence the dependencies Vd(V) presented in Fig. 
5.11 refer to different NCs, the only exception being lines (a) and 
(b), which were obtained for the same NC. For the sake of further 
comparative analysis, Figs. 5.11 and 5.12 show the results for 
NCs with analogous PC spectra, similar to line (a) in Fig. 5.11.  

The dependence of the response signal on bias voltage is 
determined by the relation between the frequency of the external 
field, Ω, and the characteristic relaxation time in the electron-
phonon system. Comparing curves (a) and (b) in Fig. 5.11 (a) one 
can observe a decrease in background signal amplitude when 
exposing to an electromagnetic field with a frequency of 7,9.1010 
Hz. This decrease is associated with the process of reabsorption 
of non-equilibrium phonons, which determines the level of the 
background part of the signal in the PC spectrum. The reciprocal 
time of relaxation for these processes for Cu is equal to 5.109 Hz. 
This value is calculated from the frequency dependence of 
background reduction coefficient η(f) (2.21), according to the 
method described in [20]. With this characteristic value we can 
attribute the dependences (a) and (b) in Fig. 5.11 to two limiting 
cases, namely line (a) to Ωτph-e<1 and line (b) to Ωτph-e >1. 

The main part of the signal obtained for bias voltages  eV<30 
meV across NC is attributed to rectification of the alternating HF 
current at the IVC non-linearities associated with the emission of 
non-equilibrium phonons during the energy relaxation of 
electrons. For such processes, Ωτe-ph<1 (where 1/τe-ph~1013-1014 
Hz) for all frequencies of the external field that were used to  
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Fig. 5.12 Video response of a Cu contact for frequencies Ω/2π: 
2,8.1013 Hz (a) and 4,75.1014 Hz (b). 
 
generate the curves presented in Fig. 5.11. The observed 
broadening of spectral singularities in the bias dependencies of 
the response with increasing frequency of irradiation, is 
associated with a transition from the classical to the quantum 
detection regime. This transition occurs when the quantum 
energy of the external field (f~2,5.1012 Hz) becomes comparable 
to the width of the energy region of a non-linear singularity on 
the IVC (~10 meV for Cu) of the NC. The decrease in signal 
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amplitude (Fig. 5.11) with increasing irradiation frequency is 
naturally associated with a deterioration of the antenna properties 
of the wire electrode of the NC: decreasing the wave length of 
the incident radiation, the amplitude of the alternating HF current 
induced in the NC decreases correspondingly.  

Upon a further increase in frequency, the form of bias 
dependence of Vd(V) changes radically. Fig. 5.12 shows the 
results obtained for exposure to radiation with frequencies 
2,8.1013 Hz and 4,75.1014 Hz. In this range, Ωτe-ph~1, and hence 
we can expect an even stronger broadening of EPI spectrum 
compared to Fig. 5.11. However, Fig. 5.12 shows that the EPI 
spectrum as a function of the response becomes still sharper, 
especially in the visible range. We have shown earlier (section 
5.4) that the response of metal NCs to optical radiation is of 
different nature and associated with thermal broadening of the 
Fermi edge in the energy distribution of electrons. The results 
presented in Figs. 5.11 and 5.12 lead to the conclusion that a 
change in response mechanism from rectification to heating of 
the NC by external radiation occurs in the frequency range 
4,3.1012 - 2,8.1013 Hz. 

To analyze the behaviour of a metal NC in a HF 
electromagnetic field, we use the expression for the IVC obtained 
in [18] that considers also reabsorption of non-equilibrium 
phonons, 
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where C=8d/3eħvFR0; β=1/kBT; and N(ω) - the energy 
distribution function for non-equilibrium phonons for the case of 
their full reabsorption: 
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         (5.5) 
where R0 is contact resistance at V=0. 

With these formulae we can calculate the IVC and the bias 
voltage dependence of second IVC derivative, d2I/dV2 for a Cu 
NC with resistance R0=5 Ohm. The NC diameter was determined 
from (2.2) for a clean orifice, and the value of the Cu EPI 
function taken from data tabulated in [4] was used for gpc(ε). The 
obtained dependence is shown in Fig. 5.13 and agrees well with 
the real PC spectrum of a Cu NC measured experimentally at 
acoustic frequency 3746 Hz (Fig. 5.11 (a)). 

Line 2 in Fig. 5.13 shows the bias dependence of the effective 
temperature T*(V) of non-equilibrium phonons with distribution 
N(ω). The effective temperature was determined from the 
condition that the energy supplied to electron subsystem by the 
non-equilibrium phonon system, has to be balanced by the 
energy distribution of equilibrium phonons with the temperature 
T*: 
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The dashed line in Fig. 5.13 shows the simplified dependence 

T*(V)=eV/4kB, which was also proposed in [18] for a case of 
complete reabsorption of non-equilibrium phonons. 

The good correspondence of calculated and experimentally 
measured PC spectra gives the possibility to apply the described 
above procedure for calculations of the NC response when  
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Fig 5.13 Theoretical spectrum of a Cu nanocontact (1) and the 
dependence of effective temperature of non-equilibrium phonons 
(2, 3) on bias voltage across the nanocontact, according to 
different models. 

 
exposed to HF radiation.  

Calculations were made without taking into account the 
changes in coupling between the NC and the external field at 
different wavelengths, and the alternating HF voltage induced in 
the NC was assumed to be equal to V1=1 mV at all frequencies. 
The obtained dependences Vd(V) for the three electromagnetic 
fields where ħΩ= 0,3 meV, 10,6 meV and 17,6 meV, presented 
in Fig. 5.14 (a), correspond well to the form of experimental lines 
in Fig. 5.11. The fitting parameter used in these calculations is 
the amplitude of the HF voltage on the contact V1. With the 
values 0,30 mV; 0,55 mV and 0,19 mV for the frequencies 
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7,9.1010 Hz, 2,5.1012 Hz and 4,3.1012 Hz correspondently, we 
obtained good quantitative agreement with experimental data. 

A consideration of non-equilibrium phonons in the NC leads to 
a nonzero response at high voltages in the calculation, in contrast 
to [21], where non-equilibrium phonons were neglected. 

In the optical frequency range, the response mechanism is of 
thermal nature. Hence we calculated the differences between the 
IVC of contacts according to (5.4) and (5.5) for various values of 
the temperature increase ΔТ caused by laser irradiation: 

 

[ ]0( ) ( , ) ( , ) ( )d
dVV V I V T I V T V
dI

= − ,  (5.7) 

 
where the temperature increase in the NC is ΔТ=Т-Т0 and the 
temperature of the Helium bath Т0=2,8K. 

The theoretical lines presented in Fig. 5.14 (b) correctly 
describe the main features of the experimentally obtained 
dependences shown in Fig. 5.12. The maximum value of the 
response signal for line 3 in Fig. 5.14 (b) is 7,38 μV. 

By absorbing laser radiation in the optical range 
(Ω/2π=4,75.1014 Hz), the conduction electrons in the metal 
acquire an excess energy ħΩ~2 eV, which is about 70 times 
higher than the energy of Debye phonons in copper (ħωD~28 
meV). As a result of the subsequent cascades of relaxation 
processes in the electron-phonon system, a steady non-
equilibrium state is established. The extent of deviation of 
electron and phonon subsystems from equilibrium is determined 
by the intensity of the laser pumping, as well as by the 
characteristic velocities of uniform and non-uniform relaxation of  
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Fig. 5.14 (a) - Response signal calculated for three radiation 
frequencies Ω/2π: 7,9.1010 Hz (1), 2,5.1012 Hz (2) and 4,3.1012 Hz 
(3). (b) - Dependences of differences between I-V characteristics 
on bias for a temperature increase, ΔТ, amounting to 1,8 K (1), 
2,8 K (2) and 4,1 K (3). 

 
quasiparticles. To simplify calculations, we assumed that in the 
optical spectral region, the role of radiation is reduced just to a 
steady heating of NC. The equilibrium energy distribution 
function is chosen for phonons with a higher value of 
temperature than that of Helium bath. 



 
 

 

NONLINEAR ELECTRICAL CONDUCTIVITY OF METAL NANOCONTACTS IN 
THE BALLISTIC REGIME 

95

A comparison of Figs. 5.12 and 5.14 (b) shows that the 
calculated response signal is in general (even quantitative) 
agreement with the experimental results. An exception to this is 
the high bias region, where there is almost monotonous growth of 
the measured response amplitude, as for the dirty NC (section 
4.3). 

An estimate of the NC overheating by laser radiation from the 
broadening of the low-energy peak of the PC spectrum measured 
in [14] gives a value of about 1K for ΔТ. For a constant intensity 
of radiation, this quantity may vary slightly in different 
experiments due to differences in the tuning of laser radiation to 
the contact region. 

Measurements made by us using a СО2 laser (ħΩ=117 meV) 
gave a response pattern similar to that for the He-Ne laser (see 
line 1, Fig. 5.14 (b)). 

Thus, our experimental results lead to the conclusion that 
starting from frequencies ~2,8.1013 Hz, the bolometric response 
begins to dominate over the signal associated with the 
rectification of the HF current induced in the NC by an external 
field. 

It should be noted that there is no guarantee that the NC is 
directly under the laser spot since the contact size (d~10 nm) is 
much smaller than the diameter of the copper pin (D~1 μm). 

Let us now consider in detail the possible reasons why laser 
heating causes a contribution to the response of a metal NC to 
emerge, which depends linearly on bias voltage. Fig. 5.15 shows 
the PC spectrum of a copper contact (a) having a resistance 
R0=14,7 Ohm and a dependence of the response to optical 
radiation (b) for two values of the He-Ne laser power. The 
expressions for the absolute values of the intensity of PC spectra  
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Fig. 5.15 Spectrum of a Cu nanocontact in the ballistic regime 
(a) and its response to optical radiation (b) for a laser power of 
3,8 mW (1) and 25 mW (2). The solid lines correspond to 
experimental results while the points indicate the results of 
calculations. The vertical scale for the line (2) is reduced 10 
times. 
 
for copper and the contact resistance (Wexler’s equation (2.3)) 
were used to calculate the elastic mean free path of electrons and 
the contact diameter (li=1300 nm, d=7,8 nm). Since li/d>>1, the 
contact is clean and the electrons follow the ballistic regime. This 
conclusion is also confirmed by the good quality of the spectrum 
in Fig. 5.15 (a).  

In analogy with the response of a dirty contact (Chapter 4) to 
optical radiation, we assume that clean contacts also make a 
linear bolometric contribution to the signal being measured: 
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( )b
d T

dRV V I T V T
dT

α= Δ = Δ   (5.8) 

 
where V is the voltage, ΔT the increase in temperature as a result 
of irradiation, and αT=R0

-1.(dR /dT) the thermal coefficient of the 
metal resistance in the NC region. In the case of a complete 
reabsorption of non-equilibrium phonons for large bias voltages 
across the contact (phonon signal region), there exists a simple 
relation between αT and the background level αV=R0

-1.(dR/dV) in 
the low-frequency PC spectrum. The relation αT /αV determines 
the level of phonon overheating in the NC. For clean contacts, we 
obtain the theoretical estimation αT /αV =0,172 mV/K [20]. Using 
this value, αV=3,85.10-3 mV-1 calculated from the experimental 
line in Fig. 5.15 (a) for V>35 mV, and putting ΔТ=2 К, we obtain 
Vd

b=66 μV for V=50 mV, which is about two orders of magnitude 
higher than the experimental values presented by line 1, Fig. 5.15 
(b).  

If we assume only a partial reabsorption of non-equilibrium 
phonons by the electron flow, as is usually the case with clean 
contacts of small geometrical dimensions, the relation between 
the phonon gas temperature Т* and the voltage will be weaker 
than that shown in Fig. 5.13 (line 2). In this case, the 
experimental value [21] of the ratio αT /αV  is about twice as large 
as the theoretical value. Hence the response signal also must 
increase by a factor of two. 

It is more reasonable to assume that the linear bolometric 
contribution to the NC response Vd

b(V) is associated not with the 
contact itself, but with the region surrounding it, i.e. the volume 
of the bulk electrodes around the contact (~0,1 mm) over which 
the transport current spreads. The voltage drop in this region is 
much smaller than the one across the NC, and the value of αT is 
also different. Both these quantities are position depended. Hence 
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an exact calculation of Vd
b(V) requires a solution of the spatially 

non-uniform relaxation problem. 
Under actual conditions, the experimental measurements of the 

response of a NC to laser heating are carried out by registering 
the sum of the signals Vd(V)=Vd

b(V)+Vd
T(V), where Vd

T(V) is 
defined by formula (5.7) and Vd

b(V)  by expression (5.8). We 
calculated the dependence Vd(V) for the case ΔТ=2 К by 
introducing a fitting parameter A=1,73.10-5 K-1 (Vd

b(V)=A.ΔT.V) 
which takes into account the change in voltage as well as the 
thermal resistance coefficient in the vicinity of the contact. The 
results of such calculations are marked by circles in Fig. 5.15 (b) 
and are in good agreement with the experimental data.  

To interpret the experimental results, we should apparently take 
into account the possible steady deviation from the equilibrium 
values of the distribution functions for electrons and phonons 
under the action of laser radiation with a high energy ħΩ>>ħωD, 
instead of reducing the effect of irradiation just to heating of the 
contact. 

Without laying any claim to the rigorous nature of the model 
chosen by us, we calculated the difference Vd(V) between two 
IVC of a copper NC described by expression (5.4). The action of 
the laser radiation for the perturbed IVC was taken into 
consideration not only by replacing To by To+ΔТ, but also by 
adding to the non-equilibrium phonon distribution function (5.5) 
a term 

 
( )( ) ( ) BM B εε γ ε

ε
Θ −= − .  (5.9) 

 
The results of calculations for the values B=30 meV and γ~10-4 

were found to be practically the same as for the dependence 
shown by circles in Fig. 5.15 (b). Although the function М(ε) is 
close to the phonon equilibrium distribution function, its value 
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becomes much larger at high energies for the chosen values of 
parameters. The final conclusion about the possible extent of the 
deviation from equilibrium in the electron-phonon system in a 
NC exposed to laser radiation can be drawn after carrying out a 
more rigorous theoretical analysis. 

5.6 Conclusions 

The response Vd to irradiation in the HF range is found to be 
not only due to rectification of the HF current, but also to a 
bolometric effect which modifies the IVC. For contacts in the 
ballistic regime this effect is attributed to an increase in the 
effective temperature of the phonon subsystem, while the electron 
subsystem continues to be at ambient temperature. At the high 
enough frequencies f>fph-e (fph-e is phonon-electron relaxation 
frequency), at small bias (eV<hfD) the response signal is 
determined mainly by the rectified HF current. With increasing 
bias, this part tends to zero, while the bolometric part, 
proportional to the first derivative of the IVC, grows. 

Improved resolution of PCS at frequencies f>fT, fph-e, due to the 
reduced reabsorption of non-equilibrium phonons was established 
and allowed to consider the High Frequency Point-Contact 
Spectroscopy as a new type of PCS. 

The non-equilibrium Debye phonons relaxation on electrons 
occurs at the inter-atomic scale, while the NC dimension is about 
10-100 inter-atomic distances. Thus, the value for relaxation 
frequency of such a process for copper, fph-e=5.109 Hz, 
experimentally obtained by us from High Frequency Point-
Contact Spectroscopy studies, is valid for bulk copper. 

A significant increase in the background part as a function of 
bias was observed for normal and inverse (d2V/dI2<0) spectra for 
Sb. The registered weak frequency dispersion of the background 
in the Sb PC spectra points towards a low intensity of 
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reabsorption processes of non-equilibrium phonons. This means 
the latter can leave the NC region without being scattered by 
electrons. Observed high level of residual background for f~80 
GHz can’t be attributed to the bolometric effect. In all 
probability, the residual background is due to rapid electron-
phonon scattering processes with a high characteristic frequency 
fe-ph~λfD~1013 Hz.  

Copper NCs were investigated under irradiation in a wide 
frequency range, from acoustic to optical frequencies (103-
4,78.1014 Hz). The main part of the response signal obtained for 
frequencies up to ~4,3.1012 Hz at, low bias voltages (eV<30 meV) 
is attributed to classical rectification of the alternating HF current 
at the non-linearities in the IVC, associated with the emission of 
non-equilibrium phonons during energy relaxation of the 
electrons. The observed broadening of spectral singularities at 
frequencies above f=2,5.1012 Hz is associated with a transition 
from classical to quantum detection. For f>2,8.1013 Hz the 
response signal is attributed to the bolometric effect. 

Exposure of the NC to the optical laser radiation (λ=0,63 μm) 
results in a heating of the electrodes in the immediate vicinity of 
the constriction, which is equivalent to an increase in the Helium 
bath temperature. The entire body of experimental data makes it 
possible to formulate the basic concepts of a special type of 
Point-Contact Spectroscopy for the optical range of frequency, - 
the Laser Thermal Point-Contact Spectroscopy. The mechanism 
for the video response of the NC for low bias voltages (eV<hfD) 
under optical radiation is attributed to the heating of the NC by 
laser radiation since heating broadens the Fermi edge. 

We obtained a good agreement between experimental data and 
theoretical calculations, except for the response to radiation in the 
optical range obtained for high bias voltages (eV>hfD). In analogy 
with the response to optical radiation of NCs in the thermal 
regime, we assume that the bolometric contribution is associated 
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not with the NC itself, but with its surrounding region, i.e. with 
the volume of bulk electrodes (~0,1 mm) around NC, over which 
the transport current spreads.  
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Chapter 6 
 

NON-STATIONARY PROCESSES IN 
NANOCONTACTS WITH HIGH-Tc 

SUPERCONDUCTORS 

6.1 Abstract 

The conductivity of ceramic samples is determined by their 
structure and their superconductive coherence length is rather 
small (ξ~2-3 nm). The ceramics can be described as a system of 
randomly distributed, randomly oriented and weakly bound 
mono- and polycrystalline grains. The characteristic dimensions 
of crystals are much larger than ξ, and the grain boundaries 
resulting in normal or semiconductor character.  The inter-grain 
zones behave as tunnel contacts. Thus, the superconductive metal 
oxide ceramics could be considered as Josephson media with S-I-
S, S-N-S or S-N-I-N-S grain transitions. The transport properties 
of such media are quite sensitive to the structure which in turn 
depends on the preparation technique. Hence, in order to 
formulate general conclusions, it is important to investigate the 
superconductive parameters of both single grains and entire 
structures, produced by different recipes. 

High-Tc superconducting ceramics (YBa2Cu3O7-y, 
Bi2Sr2CaCu2Oy) were investigated by PCS, namely by means of 
NCs in “shift” geometry between the ceramics bars, or in “pin-
to-plate” geometry, with a pin electrode of normal or 
superconducting metal. We investigated the IVC of the 
superconducting ceramic NCs at small bias voltage as well as the 
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large jump-like hysteresis for large bias voltages. The results for 
frequency dispersion of these singularities at small and large bias 
and their dependencies both for HF and optical range irradiation 
are discussed in the light of the thermal model for non-
homogeneous media that has a characteristic length for thermal 
processes l~10 nm.  

 

6.2 Non-Stationary Josephson Effect in High-Tc 
Superconductors under High Frequency Radiation 

The samples of high-Tc superconducting ceramics (YBa2Cu3O7-

y, Bi2Sr2CaCu2Oy) were prepared according to the standard 
technology of solid phase synthesis with multi-stage grinding, 
pressing and annealing. The wire electrodes were attached to the 
opposite ends of the ceramic bars (2x2x10 mm) by applying 
springs and Indium gaskets, or they were glued with Ag paste. 
We characterized samples in both “shift” and “pin-to-plate” 
geometries, with the opposite electrode (bar or pin) consisting of 
superconducting (Nb, Ta) or normal (Cu, Ag) metals. High-Tc 
films of 1-100 µm thickness were also measured. The latter were 
produced by suspension deposition on MgO or SrTi substrates 
and subsequent annealing.  Bridges of dimensions w<30 µm and 
l<40 µm of high-Tc superconductors were made by scribing of 
the films. 

When NC between superconducting metal and high-Tc ceramic 
is made, the Josephson structure (see Chapter 1.2) is realised due 
to the presence of dielectric (oxide on the metal electrode) or 
semiconductor phase (of high-Tc ceramic) in between the 
superconducting zones (superconductive metal and 
superconductive grain of ceramics). At these conditions the 
Josephson effect will occurs, characterised by the critical 
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superconductive current Ic at zero bias (V=0) and by supercurrent 
(nondissipative current) at V>0. 

The difference between the high-Tc and the low-Tc 
superconductors is in that  the former display the d-wave pairing 
with the anisotropic energy gap vanishing at certain symmetry 
points on the Fermi surface. In particular, NCs of YBa2Cu3O7-y 
ceramics differ from traditional superconductor NCs in that they 
have very low critical currents Ic. The characteristic voltage 
Vc=IcRN which defines the maximal frequency of Josephson 
tunnelling current between two superconductive zones, is about 1 
mV (see Fig. 6.1 and 6.2). This value is much smaller than 
expected (Vc=πΔ/e), taking into account that the energy gap Δ for 
YBa2Cu3O7-y is equal to 20-40 meV [1]. 

The thermal fluctuations in the contact further reduce and can 
apparently vanish the static Josephson response of the contact. 
The informative study of high-Tc contacts can be achieved with 
the high-frequency modulation of the resistive state at nonzero 
voltages. Exposure of the NC to an external electromagnetic field 
induces current steps in the IVC (Josephson non-stationary 
effect). These steps were observed for bias voltages up to only 4 
mV, even at the maximum of radiation intensity. The position of 
the induced steps is defined by the well known Josephson 
equation 

 
/ 2 , 0,1, 2, 3,nV nhf e n= = K      (6.1) 

 
where n is the number of the step, f is the frequency of the 
impinging radiation and 2e the charge of the superconducting 
pair. 

In Fig. 6.1, the initial IVC of a Ta–YBa2Cu3O7-y (1) NC and its 
modification upon MW irradiation (2) is shown. It should be 
noted that at large bias voltages, the IVC is shifted upwards from  
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Fig. 6.1 I-V characteristic of a Ta–YBa2Cu3O7-y nanocontact at 
Т=4,2 К without radiation (1) and when Ta–YBa2Cu3O7-y 
underexposed to the microwave radiation with Ω/2π=78 GHz (2). 
On the right the second derivative of the I-V characteristic (3) is 
shown for the same contact under identical irradiation 
conditions, to evidence the steps generated on I-V characteristic. 

 
the linear dependence by an amount which grows monotonously 
with increasing bias. This behaviour is typical for 
semiconductors and therefore we have to conclude that 
semiconducting phase is present in ceramic samples.  

For improved resolution of the current steps, the signal of the 
second derivative of the IVC (3) was measured with the help of 
the standard low frequency (~1 kHz) modulation method [2, 3]. 
The positions of the first steps which occur as the bias is 
increased correspond well to the Josephson equation (6.1), but at 
larger bias the distance between the adjacent steps expands, and 
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their slope increases. In other words: the dynamic resistance 
increases for larger bias voltage.  

For the highest observable step (corresponding to n=19), we 
obtain Vn=3,1 mV (fn~1,5.1012 Hz) from the Josephson equation 
(6.1), while the corresponding experimental value is 3,9 mV. 
Hence we must take into account the effect of the external 
radiation on the resistive (semi-conducting) regions of the 
contact zone. 

Fig. 6.2 illustrates that the step-like changes in resistance are a 
characteristic phenomenon for high-Tc ceramic contacts not 
exposed to radiation. Several resistive regions with a resistance 
that varies in a stepwise fashion can be identified in the IVC of a 
contact between Ta and a YBa2Cu3O7-y ceramic (Fig. 6.2). 

 

 
 
Fig. 6.2 I-V characteristic of a Ta-YBa2Cu3O7-y ceramics contact 
without irradiation (1) and under irradiation with f=7,8.1010 Hz 
(2). Т=4,2 К. 
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The resistances of the IVC for the 3 different steps indicated by 

the dashed lines in Fig. 6.2 are (going from left to right) 3,42 
Ohm, 6,05 Ohm and 9,37 Ohm. These experimental data are 
close to nR0 with n=1, 2, 3 and the average value of R0 
amounting to 3,14 Ohm. Exposure to HF radiation induces 
current steps in the IVC of the contact (line 2 in Fig. 6.2 is 
shifted along the voltage axis by 0,5 mV). However, in contrast 
with the samples of Fig. 6.1, the steps are not regular at low bias 
voltages. For large bias voltages across the contact, the distance 
between steps becomes regular. In all probability, the resistance 
regions on the IVC are not associated with thermal effects, 
because the Josephson step structure on IVC is still observed and 
extends to quite high voltages (~4 mV), and so, the sample is still 
in superconductive state. The multiplicity in the variation of 
resistance suggests the existence of phase slip centres in long 
superconducting channels in the ceramic, but the size of the 
single crystallites in our samples significantly exceeds the 
coherence length, which is quite small for these materials: ξ~10-7 
сm. A possible reason for the resistive regions can be formation 
of three-dimensional phase slip centres which one can imagine as 
phase separation surfaces [4] appearing in damaged regions in 
the ceramic near the contact with a metal electrode. 

In contrast to the contacts made of a ceramic and a normal 
superconductor (Nb, Ta), the NC of Cu and the high-Tc 
superconductor presents a slope in the critical current [5] and  
induced steps (see insert on the Fig. 6.3), both caused by the 
presence of resistivity in the circuit.  

When the impinging radiation is in the MW range, the relative 
values of the critical current are correctly described by the 
modulus of the zero-order Bessel function (solid line in Fig. 6.3). 
This function is given by the expression 
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1( / )n c nI I J eV hf= ,    (6.2) 
 

 
 

Fig. 6.3 Effect of the incident radiation power on the critical 
current: 1- the contact Cu-YBa2Cu3O7-δ ceramics (f1=7,9.1010 Hz, 
Т=4,2 К); 2 – the contact Ta-YBa2Cu3O7-δ  ceramic (f2=4,75.1014 
Hz, Т=2,15 К). The insert shows the I-V characteristic of the Cu-
YBa2Cu3O7-δ ceramics contact (the solid line was obtained 
without radiation, and the dashed line under radiation of 
frequency f1). 
 

where n is the order of the function and V1~ P  is the amplitude 
of the alternative voltage, induced on the contact by the external 
HF field. To determine the scale along the abscissa axis, the 
experimental and theoretical dependences were made to coincide 
at the filled points.  
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In the case of a Cu electrode, a weak link in the 
superconducting circuit emerged in the ceramic itself, probably at 
the boundary between grains, near the point of the contact 
between the electrodes. In such contacts, however, the non-
stationary Josephson effect is reliably observed at liquid N2 
temperature. Quite often the resistive parts (their existence can be 
considered the reason of the finite slope of critical current) are 
connected in series. This was observed also for the contacts with 
superconducting metals. The slope is associated with the fact that 
metal oxide ceramics have a multi-phase granular structure 
(especially near the surface) consisting of superconducting and 
normal phases. In view of such a heterogeneous composition, the 
obtained contacts can be represented as a series-parallel circuit 
formed by elements with different conductivity. 

The equivalent circuit [6] for a NC in this case can be drawn as 
a parallel circuit, where one arm contains the Josephson element 
and a resistance R1, while the parallel arm contains the resistance 
R2. It is assumed that the resistive elements have linear IVC and 
that the incident radiation power is quite low, so that bolometric 
effects are not observed. Applying Kirchhoff’s laws to such a 
circuit, we can easily show that  
 

( ) 1 1
1 2 2 1 2 1 2,    ,    ( )c c jI I R R R V I R V V R R Rδ∗ − −= + ∗ = = +  

(6.3) 
 
where V1=hf/2e  in accordance with (1.8). 

The notation used in these expressions can be followed from 
the insert in Fig. 6.3. Formula (6.3) leads to expressions for the 
values of R1 and R2 as a function of the experimentally measured 
quantities: 

 
1

1 2 1,    ,    ( 1)j jR V I R R V V R R V Vδ δ∗ ∗ ∗ ∗ −= = = −  (6.4) 
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For R2≠∞, we always have Vj>δV. Applying this technique to a 

Cu-high-Tc superconductor contact whose IVC are presented in 
the insert in Fig. 6.3, we obtain R1=1,75 Ohm and R2=3,63 Ohm. 

6.3 Bolometric Response of Nanocontacts with 
High-Tc Superconductors Exposed to 
Electromagnetic Radiation with Frequencies in the 
Optical Range 

A completely different behaviour of the critical current under 
irradiation with a power Ic(P) was observed in the optical 
frequency range (Ω/2π=4,75.1014 Hz). As can be seen from Fig. 
6.3, the increase in radiation intensity caused a monotonic 
decrease in the critical current for the Ta-YBa2Cu3O7-δ contact. 
At a certain level of radiation power, the critical current becomes 
equal to zero. We can assume that the laser radiation heats the 
contact in this frequency range. It is well known [7, 8] that in S1-
Constriction–S2 structures formed from different superconductors 
with quite different energy gaps (Δ1<<Δ2), the temperature 
dependence of the critical current is similar to that for the 
material with the smaller gap. In our case [9], the gaps for Ta and 
YBa2Cu3O7-δ differ by more than an order of magnitude. Hence 
we can expect that Ic(T)~Δ1(T), where Δ1(0)=0,7 meV for Ta. To 
determine the temperature increase ΔТ (in the contact exposed to 
laser radiation) with respect to the He bath temperature (Т0=2,15 
К), a linear dependence of the temperature increase on the laser 
power was assumed. When the sample is heated to above the λ-
point of He (Тλ=2,17 К), the steepness of this dependence 
increases considerably, due to a decrease in the heat removal 
from the contact. The radiation power required for heating the 
contact to a temperature Тλ was chosen empirically to be equal to 
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1,7 mW. The destruction of superconductivity in Ta (Тс=4,48 К) 
gives another point on the second segment of the dependence  

 
 

Fig 6.4 Temperature dependence of the critical current in a Ta-
YBa2Cu3O7-δ contact. The solid line is calculated according to 
BCS theory. The insert shows the change in I-V characteristics 
upon irradiation with a frequency f2=4,75.1014 Hz. 
 
ΔТ(Р). The slope of the linear dependence was found to be 0,21 
K/mW.  

Since the contact temperature was higher than Тλ for all values 
of laser power used in our experiments, the temperature increase 
above Тλ was calculated from the formula  

 
( )0, 21 1,7T PΔ = −                        (6.5) 

 
Fig 6.4 shows the dependence of the critical current of the 

contact temperature determined in this way [10]. The solid line 
corresponds to the temperature dependence of the energy gap of 
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Ta calculated according to BCS theory. The scales along the 
ordinate axis for both dependences were made to coincide at 
T=2,17 K (filled point in Fig. 6.4). The experimental and 
theoretical values are found to be in good agreement. This fact 
validates the thermal mechanism of radiation detection assumed 
for this frequency range. 

The insert in Fig. 6.4 shows the IVC of a similar contact 
measured in the absence of radiation (solid line) and when 
exposed to the maximum laser radiation power. The nonlinearity 
in the region 0,5-1,0 mV under irradiation may be due to the 
contribution of superconductive inclusions along the path of the 
transport current, or to the response of the resistive ceramic 
regions to the external radiation. 

Irradiation of high-Tc ceramic-Nb contacts (Тс=9,2 К) by a 
laser beam at the maximum power reduced the critical current to 
only half of its value. This means that the temperature increase in 
these contacts, as in the contacts with Ta, was not more than 4-5 
K.  

Thus, unlike what was observed for irradiation in the MW 
range, the response to light with a frequency of 4,75.1014 Hz is of 
bolometric origin and associated with a steady heating of the 
contact by the electromagnetic radiation.  

6.4 Local State Switching in Heterogeneous High-
Tc Superconductors 

6.4.1 Experimental Results for Superconducting 
Ceramics 

Many authors have reported the existence of considerable 
hysteresis effects in the electrical conductivity of Bi2Sr2CaCu2Oy 
contacts. Large current-voltage characteristics were observed for 
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various types of conducting structures with a current 
concentration, such as tunnel contacts, contacts with direct 
conductivity, and microbridges [11, 12, 13, 14]. Several 
mechanisms were proposed to explain the observed effects, 
including the formation of the phase slip centres, suppression of 
superconductivity of tunnel junctions between individual 
superconducting grains, and thermal effects. 

Here we report investigations of step-like singularities and 
hysteresis effects [15, 16] in different IVC of contacts formed by 
high-Tc superconductors. The measurements were carried out 
over a wide range of temperatures and HF radiation frequencies. 
The IVC were recorded using a circuit containing a current 
source as well as a circuit with a given voltage. The main 
experimental results were obtained for Bi2Sr2CaCu2Oy high-Tc 
superconductors. The initial ceramic samples and bulk bridges 
with geometric dimensions exceeding 50 µm had a 
superconducting transition temperature of about 86 K. The 
resistance decreased with temperature, i.e., the temperature 
dependence of the resistivity was of that of a metal. The 
stationary Josephson effect was not observed in comparatively 
narrow bridges (w<30 µm) and high-Tc material contacts with 
superconducting metals (Nb and Ta). 

The IVC of the contacts measured in our experiments 
practically coincide with the analogous characteristics of narrow 
bridges. They also vary in a similar manner with the changing 
frequency of electromagnetic radiation and temperature. The 
characteristics of contacts formed with pins made of 
superconducting and normal metals are also identical. 
Replacement of a ceramic by high-Tc films of various 
thicknesses also left the general form of IVC unchanged. Hence 
the experimental results mainly correspond to the contacts 
formed between Ta and Bi2Sr2CaCu2Oy high-Tc films. 
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Typical IVC of the investigated samples are shown in Fig. 6.5. 
A region of gradually decreasing supercurrent is formed on the 
initial part of the IVC. In some samples, a region of negative  

 
 

Fig. 6.5 I-V characteristics of contacts between Nb and 
Bi2Sr2CaCu2Oy high-Tc superconducting ceramics measured 
with a current source (a) and between Ta and a Bi2Sr2CaCu2Oy 
high-Tc film measured with a voltage source (b). The dashed line 
shows the I-V characteristics of the same contact obtained with 
the current source. 
 
differential resistance (Fig. 6.5, b) was observed for bias voltages 
V~5 mV. This segment of IVC was reversible with respect to the 
change in direction of the voltage sweep applied to the contact. 

For voltages V>10 mV, the IVC are divided into a set of 
individual exponential branches, which are described quite well 
by functional dependences of the form: 

 

( )0 1exp /n nI I V a⎡ ⎤= −⎣ ⎦ ,   (6.6) 
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which are characteristic for metal-semiconductor contacts. Here 
n is the number of the branch. The constants an are of the order of 
a fraction of 1 V. Upon a change in DC bias voltage, transitions 
from one branch to another (shown by arrows in Fig. 6.5) occur 
abruptly when certain critical current or voltage values are 
attained, and the resistance varies by 10-30% in the transition. 
Special experiments involving an alternating bias voltage and 
IVC recording on an oscilloscope with a resolution 10-5 s have 
failed to reveal any time dependence of the signal in the regions 
of the resistance jumps. Each resistance jump during a transition 
from one exponential branch to another is accompanied by a 
strong hysteresis in the IVC and, when the bias voltage 
decreased, a corresponding reverse jump to a much lower voltage 
takes place. This correspondence is difficult to trace because of 
electromagnetic stray currents, which cause a transition to occur 
simultaneously through several stable states. The quantities Ijf 
and Ijb in Fig. 6.5 correspond to the values of the current passing 
through the sample for forward and backward passage of current 
in the same hysteresis loop. As a rule, the first jump in the 
resistance occurs for a current of the order of tens of µA passing 
through the sample. 

The IVC undergo considerable alteration upon heating from 4,2 
to 200 K. The resistance increases in the initial segment of IVC, 
the excess current gradually decreases to zero for Т~Тc, and the 
sample resistance than begins to decrease. For large bias voltages 
in the region of hysteresis loops, the values of the critical current 
for forward and backward transitions gradually approach each 
other with increasing temperature, and the hysteresis loop 
degenerates into a reversible transition for Т~40 К. Upon 
subsequent increase in temperature, a reversible voltage 
switchover occurs for higher and higher current values. 
Decreasing gradually, it disappears as the temperature 
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approaches Тc. The temperature dependence RS(T) of the static 
resistance of a contact measured at a constant bias voltage V~20  

  

 
 

Fig. 6.6 Temperature dependence of the static resistance RS and 
the critical power Pc, dissipated in the contact at the first 
switching of the resistance. 
 
mV is shown in Fig. 6.6. It can be seen from this figure that a 
local minimum is observed against the background of a 
monotonic resistance decrease as the temperature approaches Тc. 
For some samples, this singularity is observed in the temperature 
interval 40<T<120 K.  

The HF modulation of the voltage applied to the contact 
revealed the existence of the frequency dispersion in the 
behaviour of the IVC upon irradiation in the interval from 
acoustic frequencies to 80 GHz. For irradiation frequencies f<f0, 
where f0=30-50 GHz for various samples, a reversal of the sign 
of curvature is observed upon a gradual increase in the power of 
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the radiation incident on the contact (Fig. 6.7). The curvature 
does not reverse its sign at frequencies f>f0. 

 
 

 
 

Fig. 6.7 Effect of irradiation on the initial segment of the IVC: 
the IVC in the absence of radiation (line 1), under the irradiation 
of frequency f=Ω1/2π=9,6 GHz (lines 2-4), and f=Ω2/2π=78 GHz 
(lines 2’-4’). The radiation power (at level of mW) increases 
from zero level with the increasing of number of the lines. Т=4,2 
К. 

 
Fig. 6.8 illustrates that for high voltages in the region of 

multiple-valued IVC, a gradual increase in power (at mW level) 
leads to a degeneracy of the hysteresis into a reversible voltage 
jump (for measurements with a current source), whose value 
decreases to zero upon a further increase in the radiation 
intensity. The value of the frequency f0 mentioned above is the 
boundary value for IVC rearrangement in the hysteresis region. 
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For f0, the hysteresis degenerates with increasing MW irradiation 
power in the interval of currents Iif>I>Iib (Fig. 6.8, a). The  

 
 

Fig. 6.8 Influence of irradiation on the multiple-valued region of 
the I-V chacteristics at T=4,2 K: (a) refers to radiation with 
frequency f =9,6 GHz and (b) to an electromagnetic field which 
varies with f=78 GHz; the radiation power is of mW level and 
increases from zero with increasing number of curves. 
 
voltage step remaining in the IVC is shifted upon further power 
increase towards larger currents, and the sample resistance 
diminishes. In the frequency range f>f0 a hysteresis degeneracy is 
observed for currents I<Iib (Fig. 6.8, b), after which the voltage 
jump is displaced towards lower values of current, and the 
sample resistance grows. 

The multiple-valued IVC described above were also observed 
on the bridges prepared from polycrystalline YBa2Cu3O7-δ high-
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Tc films, but the samples displaying such IVC were not so 
frequent. 

The presence of a semiconducting phase in our samples is 
confirmed by the thermally activated nature of the R(T) curve in 
Fig. 6.6. The semiconducting energy gap calculated from similar 
dependences for various samples in the temperature range 40-80 
K vary from fractions of meV to several meV.  

The initial regions of IVC presented in Fig. 6.5 indicate that our 
samples have no continuous superconducting current channel, 
and that the conduction is accomplished through the 
semiconducting layer. Although the IVC in this region for some 
contacts can be described by a power function (V~Iα), where the 
exponent a is slightly greater than 2 (which is typical of a 
transition to the resistive state for a network of weak Josephson 
links [17]), we did not observe a non-stationary Josephson effect 
in the contacts exposed to HF radiation. With the increasing 
temperature, the superconducting component of the transport 
current reduces, while the conduction through the 
semiconducting layer increases. 

As mentioned above, the resistance jumps and the IVC 
hysteresis loops at DC bias V>10 mV gradually disappear as the 
temperature approaches Tc. No new singularities were observed 
on IVC for higher bias voltages and temperatures up to T=Tc. 
Therefore, these singularities should be attributed to the 
degradation of the superconducting state in individual grains.  

The experimental data indicate that the electric power Pc=IjVj 
dissipated in the contact at the bias voltage corresponding to the 
characteristic jumps decreases with increasing temperature (Fig. 
6.6). If we assume that the resistance jumps have a thermal origin 
and that the temperature in the vicinity of the individual grains is 
determined by the temperature of the thermostat (He bath) and 
also by the Joule heating of that region, the relation between the 
critical power and the thermostat temperature must have the form 
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βPc+T=Tc. Fig. 6.6 presents this kind of dependence for the NC 
between the superconducting electrode and Bi2Sr2CaCu2Oy 
ceramics. 

The thermal mechanism of the observed effects is also 
confirmed by the anomalous behaviour of the temperature 
dependences of the excess current in the initial segment of the 
IVC. Another fact that also confirms this conclusion, is the 
temperature dependence of the critical power Pc up to T=Tλ. 
These phenomena could be attributed to a significant changes in 
the conditions of heat removal from the hot contact region at 
T<Tλ. 

 

6.4.2 Hysteresis in the I-V Characteristics of High-
Tc Superconductors 

The evolution of the contact state can be visualized as follows: 
the weak inter-granular links cease to be superconducting for 
small bias voltages when a critical current density is attained; in 
some cases (see, for example, Fig. 6.5, b), the normal region 
expands with increasing bias voltage and the IVC acquires a 
segment with a negative differential resistance. This segment is 
completely reversible for measurements with a voltage source. 
Due to the presence of a layer connected in series which exhibits 
a semiconductor-type conductivity, the initial segment of the IVC 
always has a finite slope. As the current increases, the Joule-
heating of semiconducting regions becomes more important. The 
temperature of over-heating is maximal near superconducting 
grains due to the concentration of current lines. After the 
attainment of Tc, individual grains go to the normal state, and the 
sample resistance increases abruptly, even in measurements with 
a voltage source. When an individual grain ceases to be 
superconducting, the transport current is redistributed in the bulk 
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of the high-Tc material, but Joule-heating is still insufficient to 
maintain all the volume in the normal state. Subsequently, the 
overheated region expands due to transitions in neighbouring 
grains. To return the sample to a superconducting state, the 
transport current must be reduced significantly in order to cool 
the entire normal region (which includes several grains) below 
Tc. Obviously, the real situation at the contact is complicated in 
view of the spread of current from the contact, the presence of 
voids in the material, and the change in the conditions of heat 
removal from the hot region during the phase transition of the 
various grains.  

It should be noted that similar IVC with hysteresis loops 
spanning over several resistive transitions were observed [18] 
during thermal degradation of the superconducting state due to 
the action of the transport current in composite conductors based 
on Nb-Ti alloys. 

Let us now turn to the results of experiments concerning the 
exposure of the contacts to HF radiation. Taking into account the 
observed dispersion of the response at frequencies f>f0=30-50 
GHz, we first consider the data for the frequency range f<f0. The 
behaviour of IVC for various levels of radiation power in this 
frequency range is correctly described by classical rectification 
of the HF alternating current. In the quasi-static approximation, 
the IVC of the non-linear element, exposed to electromagnetic 
radiation, is described by equation (3.3). The results of the 
corresponding calculations are presented in Fig. 6.9 (a) for 
several values of the AC voltage V1. The calculations were made 
for a model IVC (line 1 in Fig. 6.9, a), coinciding in shape with 
experimental curves obtained with a small bias voltage across the 
contact. A comparison of the family of curves in Fig. 6.9 (a) with 
the experimental data for the radiation frequency f=9,6 GHz (Fig. 
6.7) indicates that the behaviour of the IVC in the region where 
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V→0 is indeed determined by classical detection processes of 
electromagnetic radiation. 

 
Fig. 6.9 The effect of  bias voltage modulation on the I-V 
characteristics: a) the results of calculations for the initial 
segment of model I-V characteristics for modulation amplitudes 
V1, of : 0 (line 1); 0,2 mV (line 2); 0,4 mV (line 3); 1,0 mV (line 
4) and 1,8 mV (line 5). 

b) experimental results obtained for the bias voltage modulated 
by the acoustic frequency (~1 kHz) with modulation amplitudes 
V1: 0 (line 1); 0,36 mV (line 2); 0,5 mV (line 3); 1,0 mV (line 4) 
and 1,3 mV (line 5). 

 



 
 

 

HIGH FREQUENCY RELAXATION KINETICS IN METAL AND HIGH-TC 

SUPERCONDUCTOR NANOCONTACTS 

126

The multi-valued nature of IVC in the hysteresis region 
complicates a similar analysis for large bias voltages across the 
contact. For this reason, special experiments were performed to 
detect the low-frequency signal from an audio-frequency 
oscillator (f=1,9 kHz). The results of these experiments are 
presented in Fig. 6.9 (b). It can be seen that as the amplitude V1 
of low-frequency modulation increases, the hysteresis loop 
degenerates into a reversible jump for a certain voltage, lying 
between Vjf and Vjb, or in a current jump that is displaced towards 
higher voltages upon a further increase in V1. Such signal 
behaviour is in a good agreement with the IVC modification in 
the hysteresis region under MW irradiation at frequencies f < f0  
(see Fig. 6.8, a).  

The behaviour of the IVC when irradiated in the frequency 
range f>f0 is completely different. As the radiation intensity 
increases, the differential resistance in the initial region of the 
IVC increases, and the hysteresis loop is displaced towards 
smaller currents and voltages (see Figs. 6.7 and 6.8, b). A 
comparison of these results with the data obtained for various 
temperatures leads to the conclusion that exposure to MW 
radiation with f>f0 results in heating of the whole contact region 
or of several of its individual zones. 

6.5 Conclusions 

The characteristic voltage Vc=IcRN that defines the Josephson 
current frequency, is found to be about 1 mV. This value is much 
smaller than expected (Vc=πΔ/e), taking into account the energy 
gap Δ for YBa2Cu3O7-δ (20-40 meV). 

Exposure to electromagnetic radiation induces current steps on 
the initial part of IVC (non-stationary Josephson effect) for bias 
voltages up to 4 mV. In the microwave range, the behaviour of 
the critical current is correctly described by zero-order Bessel 
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function. We found that the response of contacts of high-Tc 
superconductors to mm range radiation is of Josephson nature, at 
least up to frequencies of ~1,5.1012 Hz. Unlike the behaviour in 
the microwave range, the response to radiation in the optical 
frequency range is of bolometric origin and associated with a 
steady radiation heating of the contact. The behaviour of the 
critical current with increasing laser radiation power is correctly 
described by the temperature dependence of the energy gap. 

Given the heterogeneous composition of the ceramics, the NCs 
can be presented as a series-parallel circuit formed by elements 
with different types of conductivity. The observed hysteresis 
singularities in the IVC can be attributed to the degradation of the 
superconducting state in individual grains. The experimental data 
confirm that a thermal mechanism is the origin of the observed 
effects. 

Exposure of the NCs to HF radiation resulted in a frequency 
dispersion also in the hysteresis part of IVC. The behaviour of 
IVC for irradiation in the range f<f0 (f0=30-50 GHz) is correctly 
described by a classical rectification model of the HF alternating 
current. The behaviour of the IVC in the frequency range f>f0 
(microwave and optical range) is completely different and can be 
attributed to heating of the whole contact region or of several of 
its individual zones by the radiation. 

Other authors [19] also observed the effects of large-amplitude 
voltage switching in poly-crystalline high-Tc films of 
Bi2Sr2CaCu2Oy. The characteristic time of the switching process 
was found to be ~1 µs. These results were interpreted on the 
basis of a thermal model, as a consequence of the transition of 
superconducting grains to the normal state. In our experiments, 
much shorter characteristic times 1/τ≈f0~4.1010 s-1 were 
registered, which are considerably smaller than the thermal 
relaxation time for individual grains with a size of 1-10 µm. 
Using the standard values of the thermodynamic characteristics 
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of Bi2Sr2CaCu2Oy high-Tc superconductors at Т~Tc, we can 
estimate the typical geometric size d as ≈(λ/cρf0)1/2~10 nm [20], 
where we considered the following values: thermal conductivity 
λ=0,04 J/(сm.s.К), specific heat с=0,2 J/(g.К), and density ρ=4,5 
g/сm3. Such nano-sized regions, overheated under HF radiation, 
can be attributed to thin semiconducting layers that separate the 
superconducting grains. The state of these layers impacts the 
behaviour of the entire contact zone. 

The independence of the IVC shape on the type of the sample 
(a bridge or a contact with either a normal or a superconducting 
metal all give the same results) indicates that the observed effects 
are associated with the properties of the high-Tc material in the 
small volume in which the transport current is concentrated. It is 
well known that the polycrystalline films and ceramic samples 
under investigation have the form of a multiply connected 
disordered system of superconducting grains of various 
geometrical size, connected through weak Josephson links with a 
statistical spread of the binding energy of inter-grain junctions. 
The spatial heterogeneity of metal oxide ceramics is enhanced by 
the important (~20 %) porosity of ceramics and by the presence 
of inclusions with semiconductor-type conductivity. The strong 
spatial heterogeneity in superconductive properties of high-Tc 
superconductors is due to a small coherence length of the order 
parameter ξ that is, typically, of the order of several nm. 
Consequently, any structural and phase differences in the 
material having a size of the order of atomic separation are 
responsible for significant spatial variations in the 
superconducting energy gap. 
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Chapter 7 
 

SUMMARY 

The presented work deals with an interesting and relatively 
simple experimental method, called Point Contact Spectroscopy 
that permits to study the behaviour of quasiparticles (phonons) in 
conductive solids: their generation, interactions with electrons, 
disappearance. We could investigate by this technique also more 
exotic processes for other quasiparticles (conduction electrons), 
such as their trapping in a semi metal crystal lattice (Sb), the 
pairing in superconducting solids, and the absorption of phonons 
by electrons. Point Contact Spectroscopy consists in the creation 
of a nanocontact (10-100 nm in diameter) between two 
conductors and in monitoring its response to electromagnetic 
fields. When kept in liquid helium, an enormous current density 
in the range of 109 A/cm2 can be created in such a constriction 
and in these conditions, the contact becomes an instrument for 
revealing the quantum properties of electrons and phonons.  

This Dissertation is dedicated particularly to High Frequency 
Point Contact Spectroscopy. This novel method uses the 
modulation of probe current at the frequencies from acoustic to 
optical range where the nanocontact is placed in a microwave 
waveguide or in a light guide for infra-red and optical irradiation. 
By this method we could experimentally determine the frequency 
(GHz range) at which the generated phonons will no longer 
influence the electrons. Apart from giving this scientifically 
important result, these measurements at higher frequencies were 
also proven to have much better precision. Other interesting 
phenomena were observed when irradiating with infra-red light, 
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namely the transition of the radiation detection mechanism from 
classical to the quantum regime and an increase of the phonon 
gas temperature. On the other hand, irradiation in the optical 
range was found to heat the whole nanocontact, changing the 
mechanism of the events (Laser Thermal Point Contact 
Spectroscopy). 

We also focused on nanocontacts of high-Tc ceramics, which 
are materials with special superconductive properties and could 
explain the mechanism of the big jump-like hysteresis on their I-
V characteristics. 

The obtained results concerning the high frequency properties 
of nanocontacts are of importance not only from the fundamental 
solid state physics point of view, they are also highly relevant for 
the development of nano- and micro-electronics. 

 
The main results of this PhD project can be formulated as 

follows: 
 
1. The resolution of Point-Contact Spectroscopy is increased 

with High Frequency Point-Contact Spectroscopy - a new 
approach in solid-state physics. 

 
2. The characteristic frequency of the inelastic phonon-

electron scattering of phonons at the Debye energy in Cu is 
found to be equal to 5.109 Hz. 

 
3. When exposed to radiation with frequencies above 2,8.1013 

Hz, the response of Cu nanocontacts is due to radiation-
heating of the electrode surfaces next to the contact, and not 
only to heating of the nanocontact itself, caused by the 
induced current. 
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4. A special regime of Laser Thermal Point-Contact 
Spectroscopy was developed for ballistic nanocontacts 
irradiated in the optical range. This technique is associated 
with the thermal broadening of the Fermi edge in the 
electronic density of states.  

 
5. Steps and hysteresis loops observed in the conductivity of 

contacts with high-Tc ceramics are well described by the 
thermal model for heterogeneous media that considers a 
characteristic length for thermal processes l~10 nm.  

 
 
 

SAMENVATTING 
 

In dit proefschrift beschrijven wij ons onderzoek waar punt-
contact spectroscopie wordt ingezet om het gedrag van 
quasideeltjes (fononen) in geleidende materialen te onderzoeken: 
hun ontstaan, hun wisselwerking met elektronen en hun verval. 
Bijzondere aandacht wordt ook geschonken aan meer exotische 
processen voor andere quasideeltjes (conductie-elektronen); 
namelijk hoe de elektronen ingevangen worden door het rooster 
in de semimetal Sb, het breken van Cooper paren in een 
supergeleider na een initiële fotonabsorptie, en de absorptie van 
fononen door elektronen. De punt-contact spectroscopie bestaat 
in het maken van een nanocontact - een 10-100 nm brede 
connectie tussen twee elektroden. Als dit nanocontact in 
vloeibare helium wordt gehouden, kan daarin een enorme 
stroomdichtheid van 109 A/cm2 gecreëerd worden en het contact 
wordt een instrument om de kwantumeigenschappen van 
elektronen en trillingen te meten.  
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In dit proefschrift besteden wij speciale aandacht aan hoge 
frequentie punt-contact spectroscopie. Deze nieuwe methode 
maakt gebruik van de stroommodulatie met frequenties van 
akoestische golven tot het optische bereik. Het nanocontact wordt 
in een microgolfgeleider geplaatst of in een optische lichtgeleider 
voor bestraling met infrarood of zichtbaar licht. Met behulp van 
deze methode konden wij experimenteel vaststellen bij welke 
frequentie (GHz bereik) de gegenereerde fononen de elektronen 
niet meer beïnvloeden. Behalve dit wetenschappelijk belangrijke 
resultaat te leveren, zijn deze metingen met hoge frequentie ook 
veel precieser. Andere interessante fenomenen worden 
waargenomen bij bestraling met infrarood licht, te weten de 
overgang van de klassieke naar het kwantum detectieregime en 
een stijging van de fonongastemperatuur. Anderzijds vonden wij 
dat optische straling het hele nanocontact verwarmt en zo het 
responssignaal verandert (laser thermische punt-contact 
spectroscopie).  

We hebben de punt-contact spectroscopie ook toegepast op 
Hoge-Tc supergeleidende keramieken, te weten materialen met 
bijzondere supergeleidende eigenschappen. Daarmee hebben wij 
het  mechanisme van de grote sprongsgewijze hysterese in de I-V 
karakteristieken van de nanocontacten gevormd door hoge-Tc 
supergeleiders, kunnen verklaren.  

De gepresenteerde resultaten met betrekking tot de hoge 
frequentie-eigenschappen van nanocontacten zijn niet alleen 
belangrijk voor de fundamentele fysica, maar ook interessant uit 
praktisch oogpunt voor de ontwikkeling van nano- en 
microelektronica.  
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De belangrijkste resultaten van dit promotieonderzoek kunnen als 
volgt geformuleerd worden: 

 
1. Hoge frequentie punt-contact spectroscopie verbetert de 

resolutie van punt-contact spectroscopie en toont een nieuwe 
aanpak in de vaste stof fysica. 

2. De karakteristieke frequentie van de inelastische fonon-
elektron verstrooiing van fononen met de Debye energie in 
Cu blijkt 5.109 Hz te zijn.  

3. Bij bestraling met frequenties boven 2,8.1013 Hz is de respons 
van de Cu nanocontacten veroorzaakt door de 
stralingsverwarming van de elektrodeoppervlakken vlakbij 
het contactpunt, en niet alleen door de verwarming van 
nanocontact die ontstaat bij geïnduceerde stroom. 

4. Een speciaal regime van laser thermische punt-contact 
spectroscopie werd ontwikkeld voor ballistische 
nanocontacten bestraald in het optische bereik. Deze techniek 
is geassocieerd met thermische verbreding van de Fermi-rand 
in de elektronische toestandsdichtheid.  

5. Stappen en hystereselussen, waargenomen in de 
geleidbaarheid van de contacten met hoge-Tc keramiek, zijn 
goed beschreven door het thermische model voor heterogene 
media. In dit model is de karakteristieke lengte voor 
thermische processen l~10 nm. 
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