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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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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. 

References 

1. A. A. Abrikosov.  Fundamental Theory of Metals, North 
 Holland, 1988 
 
2. C. Kittel. Introduction to Solid State Physics, 7th edition. 
 Wiley, New York, 1996 
 
3. H. Kamerlingh-Onnes.  Leiden Comm. 120b, 122b, 124c 
 (1911) 
 
 



 
 

 

INTRODUCTION 

11

4. W. Meissner and R. Ochsenfeld. Short initial 
 announcements. Naturwissenschaften 21, 787 (1933) 
 
5. F. London. Superfluids, vol. 1. Wiley, New York, 1950 
 
6. V. L. Ginsburg and Landau. On the theory of 
 sperconductivity. Zh. Eksp. Teor. Fiz. 20, 1064 (1950)    
 
7. A. A. Abrikosov. On the magnetic properties of 

superconductors of the second group.  Sov. Phys. JETP 5, 
1174 (1957) 

 
8. J. Bardeen, L. N. Cooper and J. R. Schrieffer.  Theory of 
 sperconductivity.  Phys. Rev. 108, 1175 (1957) 
 
9. N. N. Bogoliubov.  A new method in the theory of 
 superconductivity.  Sov. Phys. JETP 34, 41 (1958) 
 
10. L. P. Gorkov. On the energy spectrum of superconductors. 
 Sov. Phys. JETP 7, 505 (158) 
 
11. M. Tinkham, Introduction to Superconductivity,  
 2nd edition. McGraw-Hill, New York, 1996 
 
12. D. Josephson. A possible new effect in superconductive 

tunneling.  Phys. Lett. 1, 251 (1962); Adv. Phys. 14, 419 
(1965) 

 
13. P. W. Anderson and J. M. Rowell. Possible observation of 

Josephson superconducting tunneling effect. Phys. Rev. 
Lett. 10, 230; 11, 200 (1963) 

 
 



 
 

 

HIGH FREQUENCY RELAXATION KINETICS IN METAL AND HIGH-TC 

SUPERCONDUCTOR NANOCONTACTS 

12

14. I. K. Yanson, V. M. Svistunov, and I. M. Dmitrenko. 
Experimental observation of tunnel effect for Cooper pairs 
with emission of photons.  Sov. Phys. JETP 21, 650 (1965) 

 
15. A. F. Andreev. The thermal conductivity of the 

intermediate state in superconductors. Sov. Phys. JETP 19, 
1228 (1964) 

 
16. I. O. Kulik. Macroscopic quantization and the proximity 
 effect in  S-N-S  junctions. Sov. Phys. JETP 30, 944 (1970)    
 
17. V. Ambegaokar and A. Baratoff. Tunneling between 
 superconductors. Phys. Rev.  Lett. 10, 486; 11, 104 (1963) 
 
18. I. O. Kulik and A. N. Omelyanchouk. Contribution to the 

microscopic theory of the Josephson effect in 
superconducting bridges. Sov. Phys. JETP Lett. 21, 96 
(1975) 

 
19. N. Agrait, A. L. Yeyati, and J. M. van Ruitenbeek. 

Quantum properties of atomic-seized conductors.  Phys. 
Reports – Review Section of Physics Letters, 377, 81 
(2003) 

 
20. A. A. Golubov, M. Yu. Kupriyanov, and E. Ilichev.  The 

current-phase relation in Josephson junctions.  Rev. Mod. 
Phys. 76, 411 (2004) 

 
21. A. Feher, A. A. Mamaluj, A. Ya. Dulfan, E. S. Syrkin, and 

A. G. Shkorbatov.  Low temperature phonon transport in 
3D point-contacts. Sov. J. Low Temp. Phys. 31, 921, 2005 

 
 
 



 
 

 

INTRODUCTION 

13

22. D. V. Averin and K. K. Likharev, in: Mesoscopic 
Phenomena in Solids, edited by B. L. Altshuler, P. A. Lee, 
and R. A. Webb.  Elsevier, Amsterdam, 1991 

 
23. M. A. Kastner. The single-electron transistor.  Rev. Mod. 
 Phys. 64, 849 (1992) 
 
24. E. N. Bogachek, I. O. Kulik, and A. G. Shkorbatov. 

Ballistic charge-carrier kinetics and phonon drag in 
semiconducting point contacts.  J. Phys. Condens. Matter 
3, 8877 (1991) 

 
25. A. Barone and G. Paterno.  Physics and Applications of the 
 Josephson Effect. Wiley, New York, 1982 
 
26. I. O. Kulik, I. K. Yanson.  The Josephson Effect in 

Superconductive Tunneling Structures. Keter Press, Israel 
Program for Scientific Translation, Jerusalem, 1972 

 
27. K. K. Likharev.  Dynamics of Josephson Junctions and 
 Circuits.  Gordon and Breach, New York, 1986 
 
28. Y. Imry. Introduction to Mesoscopic Physics. Oxford Univ. 
 Press, Oxford, 1997 
 
29. J. G. Bednorz and K. A. Muller.  Possible high-Tc 

superconductivity in the Ba-La-Cu-O system.  J.  Phys. B 
64, 189 (1986) 

 
30. High Temperature Superconductivity, edited by J. W. 
 Lynn. Springer-Verlag, New York, 1990 
 
 



 
 

 

HIGH FREQUENCY RELAXATION KINETICS IN METAL AND HIGH-TC 

SUPERCONDUCTOR NANOCONTACTS 

14

31. Physical Properties of High Temperature Superconductors, 
edited by D. M. Ginsberg. World Scientific, Singapore, 
1994 

 
32. V. B. Geskenbein, A. I. Larkin, and A. Barone.  Vortices 

with half magnetic-flux quanta in heavy-fermion 
superconductors. Phys. Rev. B 36, 235 (1987) 

 
33. D. A. Wollman, D. J. Harlingen, W. C. Lee, D. M. 

Ginsberg, and A. J. Leggett. Experimental determination of 
the superconducting pairing state in YBCO from the phase 
coherence of YBCO-Pb DC SQUIDs.  Phys. Rev. B 71, 
2134 (1993) 

 
34.     I. K. Yanson. Nonlinear effects in the electrical  

conductance of point contacts and electron-phonon 
interaction in normal metals. Sov. Phys. JETP, 39, 506 
(1974)




