
Abstract. The recovering procedure of the electron±phonon
interaction (EPI) functions from the additional nonlinearities
of the current-voltage curve (IÿV curve) of point contacts
associated with an excess current is considered. The approach
proposed takes into account both inelastic scattering, which
causes suppression of the excess current in the reabsorption of
nonequilibrium phonons by electrons undergoing Andreev re-
flection (Andreev electrons), and elastic processes associated
with the electron±phonon renormalization of the energy spec-
trum in a superconductor. The results obtained are systemati-
cally expounded for both the ballistic contacts, wherein the
second derivatives of the IÿV curve in the normal state are
proportional to the EPI functions, and inhomogeneous con-
tacts (with dirty constrictions and clean banks), whose second
derivatives in the normal state are either free of phonon singu-
larities or weakly pronounced.

Keywords: Yanson point-contact spectroscopy, electron±
phonon coupling, superconductivity, energy gap, excess cur-
rent

1. Introduction

The first study [1] of nonlinearities of the current-voltage
(IÿV ) curve of point contacts with direct conductivity in the

normal state employed as a source of information on the
electron±phonon interaction (EPI), which laid the ground-
work for Yanson's point-contact spectroscopy, was pub-
lished in 1974. The fundamental theoretical study [2]
appeared only three years later, in 1977. The number of
publications on Yanson's point-contact spectroscopy now
exceeds several hundred; two monographs summarizing the
results obtained have been published [3, 4].

V A Khlus and A N Omel'yanchuk [5, 6] were the first to
theoretically substantiate, as early as the 1980s, the feasibility
of using the nonlinearity of the excess current (i.e., the
difference between the IÿV curve for the superconducting
and normal states of a metal in a contact under the same
voltage) to reconstruct the EPI function. A theoretical
justification for the same point contacts, but with a pre-
dominant elastic component of electron±phonon scattering,
was given in the late 1980s by ANOmel'yanchuk, S I Belobo-
rod'ko, and I O Kulik [7]. Experimental studies, which
showed the transformation of point-contact spectra in the
transition of contacts to the superconducting state, appeared
almost at the same time (see, for example, [8±16]). However,
the first experimental study in which the EPI function was
reconstructed based on the difference between the second
derivatives of the IÿV curve of a point contact in the
superconducting and normal states (below, for brevity,
using the superconducting addition to the spectrum) was
published almost 30 years later, in 2012 [17]. The EPI
function was first reconstructed, based on a superconducting
addition to the spectrum, for point contacts of superconduc-
tors, in which the elastic component of the current predomi-
nates, in 2014 [18]. Published in the same year was study [19],
in which an alternative method was applied to reconstruct the
EPI function from the spectra of point contacts with excess
current; it consists of a numerical solution of the Eliashberg
equations using the McMillan±Rowell method [20].
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The reason for such a time lag in the reconstruction of the
EPI function from the superconducting nonlinearity of the
IÿV curve is that, contrary to the predictions of the theory,
neither the first derivative of the excess current nor the
difference between the first derivatives of the IÿV curve of a
point contact in the superconducting and normal states is
proportional to the EPI function. Due to the presence of a
superconducting background, which is not taken into
account by the theory, it turns out that to reconstruct the
EPI function the difference between the second derivatives of
the IÿV curve should be used. Progress in this area was
unencouraged by the theoretically predicted smallness of the
additional nonlinearity of the IÿV curve in comparison with
that of the normal state, which arises when a ballistic point
contact undergoes transit to a superconducting state in the
phonon energy range. The reconstruction of the EPI function
based on this nonlinearity was of no practical interest, since
superconductors with high critical parameters, whose transi-
tion to the normal state at low temperatures is either hindered
or even impossible, proved to be beyond the scope of
research. The way out of this situation was to use inhomoge-
neous point contacts, whose nonlinearity in the supercon-
ducting state significantly deviates from predictions of the
theory. To reconstruct the EPI function with their help, the
second derivative of the IÿV curve in the superconducting
state at low temperatures suffices. A nice bonus is that such
point contacts may be created more easily than ballistic ones.

We dwell on the elastic contribution in more detail in
Section 3, while here we focus on inelastic superconducting
EPI spectroscopy.

2. Theory

The simplest model of a point contact is two metal half-spaces
separated by an infinitely thin spacer with a round hole of
diameter d. The metals are continuously exchanging electrons
through this hole. If the contact is small enough and operates in
the spectroscopic regime (i.e., it is ballistic or diffusive), carriers
are duplicated in the current-conducting state; electrons (holes)
are divided into two groups, in which the difference between
the energies of occupied and unoccupied electron states on the
Fermi surface is eV, i.e., equal to the applied voltage [21]. The
electron can lose this excess energy at any point of its trajectory
by emitting a nonequilibrium phonon. The mean free path of
an electron with excess energy, referred to as the energy
relaxation length (or inelastic mean free path), greatly depends
on the value of this energy, reaching a minimum at energies
equal to or exceeding the boundary energy of the phonon
spectrum. The energy relaxation length in the spectroscopic
regime is much larger than the contact diameter. Thus, most of
the nonequilibrium phonons are generated far from the center
of the contact, at its banks. Nevertheless, the highest density of
nonequilibrium phonons is observed in the center of the
contact, the region of the highest current density, and rapidly
decreases as the current spreads. Therefore, in the first
approximation, the point contact can be considered at large
distances r from the constriction as a point source of phonons,
whose density decreases as� 1=r2.

If the IÿV curve nonlinearities associated with phonons
alone are taken into account, the following formula is valid
for large biases at the contact:

I�V � � V

R0
� dINph �V � � I 0exc � dI Sph �V � : �1�

Here, R0 is the resistance of the point contact in the normal
state at zero voltage (this resistance is usually determined in
experiments at a bias of several millivolts, and if the contact
cannot be converted to the normal state, a good approxima-
tion is the differential resistance at eV4D (using the slope of
a straight line that passes through zero parallel to the IÿV
curve, under the appropriate bias)), I 0exc is the excess current
independent of the bias at eV4D, dI Sph is the negative
addition to the excess current due to scattering of none-
quilibrium phonons byAndreev electrons, and dINph �V � is the
negative addition to the current due to backscattering of
electrons in the contact region on nonequilibrium phonons.

Backscattering processes are scattering events in which
the electron returns to the same half-space which it left after
an inelastic collision with a phonon. Due to geometric
constraints, backscattering processes are apparently only
effective in a volume located sufficiently close to the
constrict. Indeed, since the electron after scattering on a
phonon can move in the isotropic case in any direction, the
probability of such processes is at its maximum in the plane of
the hole and equal to 0.5. As the distance from the center of
the contact increases, the probability of backscattering
rapidly decreases, and at quite large distances r does not
exceed the ratio of the contact area to the surface area of a
sphere centered at the scattering point with radius r, i.e., is
� �d=4r�2. Consequently, this probability at a distance r � 2d
on the contact axis is 32 times less than at the contact center. If
the scattering point is located away from the contact axis, the
hole in the spacer looks like an ellipse, and the probability is
correspondingly even lower.

Thus, most of the backscattering processes occur in a
volume whose diameter is of the order of the point-contact
diameter. Scattering on phonons at the contact banks, which
make up most of the processes of scattering of electrons by
phonons, is neither inverse nor makes any contribution to the
nonlinearity of the IÿV curve.

Backscattering processes underlie Yanson's point-contact
spectroscopy and, as shown in [2], the second derivative of
this negative addition to the current is proportional to the EPI
function (for a ballistic contact in the form of a circular hole
with diameter d and a spherical Fermi surface):

d2dINph �V �
dV 2

� ÿ 32ed

3R0�hvF
GN�eV � : �2�

Here, GN�eV � is the EPI point contact function and vF is the
Fermi velocity. Figure 1a provides an easily comprehensible
explanation as to why it is the second derivative of the IÿV
curve that is proportional to the EPI function. We assume
that the phonon spectrum consists of a single line. It will
manifest itself on the IÿV curve as a kink, which will look like
a step in the first derivative of the IÿV curve, while in the
second derivative it will consequently have the form of a peak.
Smearing of curves is implied, owing to which the peak width
and height are finite. Although theory [2] involvesÿd2I=dV 2,
the figure displays the value d2V=dI 2, which is usually
recorded in experiments, since technically it is easier. These
derivatives differ little in shape and are easily recalculated
into each other using the simplest formulas. Themagnitude of
the nonlinear deviation of the resistance of the point contact
from R0 for ballistic contacts, which depends on the EPI
strength, is several percent, but in any case is less than 10%.
Actual experimental curves differ from the schematic ones
shown in Fig. 1a. Due to the low nonlinearity, the experi-
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mental IÿV curves are not very informative, since they differ
insignificantly from a straight line. A typical first derivative of
the IÿV curve of a ballistic point contact is displayed in
Fig. 7a in Section 4.2, and the second derivative associated
with it is shown in Fig. 5a. Seen in the first derivative are
sections of the fastest growth, rather than steps, which
correspond to peaks in the second derivative.

Let us consider the remaining terms of Eqn (1). The excess
current I 0exc does not depend on the bias and is proportional to
D if eV4D. The proportionality coefficient depends on the
regime of passage of electrons through the hole. For ballistic
SÿcÿS contacts (superconductor±constriction±supercon-
ductor),

I 0exc �
8D
3eR0

tanh
eV

2T
; �3�

i.e., if the inequality d5 z, vF=oD is satisfied; here, d is the
diameter of the contact, z is the reduced coherence length,
1=z � 1=x0 � 1=li, x0 is the superconducting coherence
length, li is the scattering length on impurities, and
le � vF=oD is the energy mean free path at the Debye
energy. For diffusive SÿcÿS contacts,

I 0exc �
D
eR0

�
p2

4
ÿ 1

�
tanh

eV

2T
: �4�

Thus, the excess current in the diffusivemode is 55%of that in
the ballistic mode. The corresponding values for SÿcÿN
(superconductor±constriction±normal metal) contacts are
half as much.

The term dI Sph�V � in Eqn (1) is a negative addition to the
excess current due to the scattering of nonequilibrium
phonons generated in the point contact by Andreev elec-
trons. Then, already the first derivative of the excess current is
proportional to the EPI function. Figure 1b shows the
corresponding diagram. The phonon spectrum here is also
represented by a single line, and the reabsorption of none-
quilibrium phonons by Andreev electrons leads to a decrease
in the number of these electrons and, consequently, to a
stepwise decrease in the excess current. A peak will be
observed in the first derivative of the excess current near the
phonon energy. In other words, the phonon singularities in
the first derivative of the excess currentmanifest themselves in
the form of maxima of the differential resistance (ÿdI=dV ).

It is of importance to highlight a few points in relation to
these observations. Inasmuch as these scattering processes are
not inverse, such scattering is effective at any distance from
the hole where nonequilibrium phonons and Andreev
electrons coexist, since it results in a decrease in the excess
current. However, the probability of such scattering is
maximal, as in the case of inverse processes, near the hole in
a volume whose diameter is of the order of the diameter of the
contact, where the current density is still high. For the
scattering to occur, the density of both phonons and Andreev
electrons must be high; otherwise, they simply do not meet.
The theory does not take into account scattering that occurs
outside the diameter of the contact.

Thus, the areas of space in the ballistic contacts from
which information about EPI comes for bothmechanisms are
very close, albeit not identical. Since the minimum size in
which the value of the superconducting energy gap can vary
coincides with the coherence length, while, according to the
model conditions, it is much larger than the diameter of the
point contact, such scattering processes do not lead to a
change in the gap in the near-contact region. The suppression
of excess current occurs here due to a slight decrease in the
number of Andreev electrons.

The following was obtained in [5] for SÿcÿS contacts:

dIexc
dV
�V ��ÿ 64

3R

�
DL
�h�v

��
GN�o��1

4
G S�o�

�
o�eV=�h

: �5�

Here,R is the resistance of the contact,L is a function that has
a very complicated form for arbitrary values of its arguments,
�v is the electron velocity averaged over the Fermi surface,
GN�o� is the EPI point contact (PC) function, the same as in
point contacts in the normal state in the Kulik±Omel'yan-
chuk±Shekhter (KOSh) theory [2], and GS�o� is the super-
conducting PC function of EPI that differs from GN�o� by
the form factor. In contrast to the contribution to the current
with a normal form factor due to backscattering, the
contribution to the current in the case of a superconducting
form factor contained in GS�o� is due to electron±phonon
collisions associated with processes such as Andreev reflec-
tion in the contact area, i.e., with the transformation of quasi-
electronic excitations into quasi-hole ones.

A similar expression was derived in [6] for the SÿcÿN
contact:

1

R �V � ÿ
�

1

R �V �
�

D�0

� ÿ 32

3R

dD
�h

"
1

v
�1�
F

G1�o� � 1

v
�2�
F

G2�o�
#
: �6�
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Figure 1. (a) Manifestation of a single phonon line of an NÿcÿN point

contact on the IÿV curve and its derivatives. (b) Manifestation of a single

phonon line of an SÿcÿN and SÿcÿS point contact in the excess current

and its derivative. (See the description in the text.)
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Here, Gi�o�, i � 1; 2 are the EPI functions of the metals of
which the point contact consists. The relative value of the
phonon contribution to the excess current at eV � oD is of
the order of doD=vF, i.e., is small if the condition d5 vF=oD

is satisfied. This smallness is very important for the response
of the excess current to the generated phonons to be linear,
i.e., for the same change in the flux density of nonequilibrium
phonons at different biases at the contact to cause the same
change in the excess current. If the excess current is
significantly suppressed by nonequilibrium phonons, as the
bias at the contact increases, a similar change in the flux
density of nonequilibrium phonons at high eV will cause a
smaller response. However, the suppression of the excess
current may be caused by nonequilibrium phonons alone.
Any mechanism that causes the excess current to be strongly
suppressed will result in a violation of response linearity. To
reconstruct the EPI function in such cases, the amplitude of
the useful signal should be adjusted in the region wherein such
a contribution is suppressed.

As noted above, the probability of reabsorption of
nonequilibrium phonons by Andreev electrons for ballistic
contacts, in which the condition d5 z is satisfied rather
accurately, is fairly high only near the constriction. As a
result, the nonlinear deviation of the point-contact resistance
from R0, which is due to the scattering of nonequilibrium
phonons by Andreev electrons, is several times less than the
nonlinearity caused by backscattering processes. Therefore, if
eV4D, the spectrum changes for such contacts insignif-
icantly in the transition to the superconducting state.
Study [6] describes such a transformation of the second
derivative of the IÿV curve of the ballistic SÿcÿN point
contact:

1

R

dR

dV
� 16ed

3�h

X
a�1;2

1

v
�a�
F

�1
0

do
D

S

�
oÿ eV

D

�
Ga�o� ; �7�

where Ga�o� is the EPI functions of normal and super-
conducting metals that form a heterocontact, and S �x� is
the smearing factor,

S�x� � y�xÿ 1� 2�xÿ
�������������
x2 ÿ 1
p

�2�������������
x2 ÿ 1
p ; �8�

with y�y� being the Heaviside theta function. Thus, the
spectrum is additionally smeared in the transition to the
superconducting state, and, at T! 0, the resolution is
determined by the value of D.

Equation (7), taking into account the relationship
between the derivative of the IÿV curve and the PC EPI
function PC, yields

~g S
pc�eV � �

�1
0

do
D

S

�
oÿ eV

D

�
gN
pc�o� : �9�

Thus, given the point contact spectra of a heterocontact in
the normal and superconducting state, the results of calcula-
tions and experiment may be compared. In addition, as
shown in [18],

g S
pc�eV � �

1

D

� eV

0

�
~g S
pc�o� ÿ gN

pc�o�
�
do : �10�

Equation (10) apparently follows from the first derivative
of the excess current being proportional to the EPI function.

As can be seen, ~g S
pc�eV � reflects the transformation of the

spectrum in the transition of the contact to the superconduct-
ing state. This function is proportional to the second
derivative of the IÿV curve shifted to the lower-energy
region by an amount of the order of D and additionally
broadened, as a result of which it has a slightly lower
intensity. The function g S

pc�eV � is proportional to the first
derivative of the excess current, it does not contain additional
broadening, and its shift to the lower-energy region is
approximately one half as much.

Figure 2 shows the EPI function reconstructed from the
spectrum (Fig. 3) of the Sn±Cu point contact in the normal
state and the EPI functions calculated using Eqns (9) and (10).
The difference curve ~g S

pc�o� ÿ gN
pc�o� is also displayed.

3. Production of contacts
and measurement of their characteristics

Mechanical clamping contacts between metal electrodes are
the most widely used in point-contact spectroscopy. They
may be both bulk electrodes made of high-purity metals and
bulk electrode±film structures. A criterion for the purity of
the material is the ratio r300=rres, where r300 is resistivity at
room temperature and rres is residual resistivity. Experience
shows that, to obtain ballistic contacts, this ratio should be no
less than 5±10, but usually materials with a ratio value of
several dozen or higher are used. Electrodes may be any
shape, although for convenience electrodes in the form of bars
10±15 mm long and with a cross section of 1� 1±
1:5� 1:5 mm are most often used in studying pure metals.
To eliminate mechanical hammer hardening, electrodes are
made using an electroerosive machine, and the surface defect
layer is removed by etching.

The selection of etching agents and regimes is critical for
obtaining high quality point contacts. A thin nonconductive
oxide layer should be formed on the surface of the electrodes
that provides mechanical and electrical stability of the
contact, since the area of the site where the electrodes touch
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Figure 2. (a) EPI function gN
pc of SnÿCu reconstructed on the basis of the

spectrum displayed in Fig. 3a±d; ~gS
pc is the theoretically forecast transfor-

mation of the EPI function in transition to the superconducting state

(Eqn (9)) (see details in the text); g S
pc is the EPI function reconstructed

based on the difference curve (b) by integration (Eqn (10)). For easier

comparison, the values of the g S
pc and g

N
pc curves in themaximum are set the

same.
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each other is many orders of magnitude larger than that of the
obtained contact. The contact is created by touching the edges
of the electrodes and their subsequent shift relative to each
other.

A high-purity metal wire is often used as one of the
electrodes. Electrical molding of the contact is used in some
cases, which consists of supplying a controlled, specially
selected set of current pulses or just random external
induction to a previously created high-resistance contact. In
examining films deposited on a flat surface, a pointed needle
or pyramid is often used as a counter electrode. The device for
producing point contacts should be capable of both changing
the force with which the electrodes are mutually pressed and
displacing them relative to each other. To ensure the stability
of the contact, one of the electrodes must be fixed to the
damper.

In creating heterocontacts, copper and silver and, with
some reservations, gold are most often used as the material of
the counter electrode, since they can be easily processed and
have many advantages over other conductors, which cannot
be considered here in detail due to the limited volume of this
review. The typical resistance of point contacts ranges from a
few tenths of an ohm to several dozen ohms for metals with
high conductivity and to several hundred ohms and higher
values for low-conductivity compounds.

Apart from mechanical clamping contacts, a fairly wide
range is available of point contacts that are created by other
methods. For example, there are short-circuited film tunnel
structures, break junctions, so-called soft touch contacts
created using a tiny droplet of silver paste, and contacts

created by the needle of a scanning tunneling microscope in
short-circuit mode. Each of these methods has its own
advantages for solving some specific problems, but also,
accordingly, some disadvantages. There is no perfect uni-
versal method. Mechanical clamping is the technique that is
most widely used now to create ballistic contacts.

IÿV curve derivatives were measured using the standard
modulation technique generally accepted in point-contact
and tunneling spectroscopy. This technique is based on the
following phenomenon: if apart from a constant current
component a small alternating component is passed through
a nonlinear element (point contact), the voltage across the
elementmay be represented as a set of harmonics. The voltage
of the first harmonic is proportional to the first derivative of
the IÿV curve, that of the second harmonic is proportional to
the second derivative, and so on. The effect of the modulating
voltage is exhibited in the smearing of the spectrum, so to
maintain a reasonable compromise between the resolution
and the noise level, as low a voltage as possible is used.

4. Ballistic point contacts

4.1 Contacts in which predictions
of the theory are fulfilled
We now consider the results of experiment [18]. Figure 3a
shows the spectra of the SnÿCu point contact in the normal
and superconducting states, and the background curves for
these spectra BN and ~BS. Figure 3b shows the difference SÿN
curve and the background curve BS. The background is
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manifested in Yanson's PC spectroscopy as the difference
between the second derivative of the IÿV curve and zero at
biases larger than the limiting frequency of the phonon
spectrum. At the same time, the EPI function vanishes. To
subtract the background, an empirical self-consistent itera-
tive procedure is most often used [3]. It turns out that the
background is also inherent in EPI superconducting spectro-
scopy: it is not sufficient to straightforwardly integrate the
difference curve �d2V=dI 2�S ÿ �d2V=dI 2�N to obtain a curve
proportional to the function EPI g S

pc�eV �, since the second
derivatives differ not only in the singularity associated with
the gap at small biases, but also in the background level
outside the phonon spectrum boundary. Because of this, the
background curve BS should be subtracted from the differ-
ence curve prior to integration. In addition to the obvious
requirement to be equal to zero outside the phonon spectrum,
the difference curve after the superconducting background is
subtracted must satisfy a sum rule: the total areas under the
curves above and below the abscissa axis must be the same.

This requirement implies that we obtain after having
integrated the difference curve a curve with a zero back-
ground. Of course, many different curves BS can satisfy these
criteria, but their variations, provided that the curves are
smooth, do not result in noticeable changes in the shape and
position of the phonon singularities of the EPI function under
reconstruction.

And finally, ~BS is the background that must be extracted
from the spectrum in the superconducting state to obtain a
curve proportional to ~g S

pc�o�. Given the spectrum in the
normal state, the difference curve, and the background
curves BN and BS, it is easy to show that ~BS � BN � BS.
Subtraction of the background from the spectrum in the
superconducting state can apparently be replaced by adding
two curves: the spectrum in the normal state with the
background BN subtracted and the difference curve with the
background BS subtracted. The latter procedure is even more
convenient to some extent, since it makes easier the approx-
imation of the missing portion of the curve in the region of
small biases near the gap singularity.

A comparison of Fig. 2a and 3d shows that there is good
agreement between the predictions of the theory and the
results of the experiment. In transiting to the superconducting
state, the ~gS

pc�o� curves are smeared, decrease in amplitude,
and shift to the region of lower energies by an amount of the
order of the gap. The difference between the shapes of the
experimental and theoretical curves gS

pc is observed in the
high-energy region: the amplitude of the experimental curve is
noticeably larger. This is apparently due to an increase in the
density of nonequilibrium phonons at the periphery of the
contact due to a decrease in the energy relaxation length of
electrons at energies close to the Debye ones.

There are no formulas for SÿcÿS point contacts similar
to Eqns (7) and (9) for SÿcÿN point contacts that describe
the transformation of spectra in the transition from the
normal state to the superconducting state. An indication
alone is available in the case of SÿcÿS point contacts that
the positions of the phonon singularities on the EPI function
reconstructed from the superconducting addition to the
spectrum will coincide with those of the EPI function of the
normal state.

Figures 3e±h show the results of an experiment to
reconstruct the EPI function based on a superconducting
addition to the spectrum for such a contact [18]. Although the
temperatures of the normal and superconducting states for

the SnÿSn point contact are not the same, in contrast to those
for the SnÿCu point contact, the result of the reconstruction
of the EPI functions is quite satisfactory. The figure shows
that in the transition of the contact to the superconducting
state, no smearing of the spectrum is observed and, as a
consequence, no decrease in its intensity, which occurs in the
case of SÿcÿN contacts. On the contrary, the intensity of the
spectrum increases. As for the position of the phonon
singularities, they also shift to the region of lower energies.
While the shift of phonon maxima in the second derivative is
of the same order as for the SÿcÿN contacts, the shift for the
EPI function reconstructed from the superconducting addi-
tion to the spectrum, albeit noticeably smaller, persists, in
disagreement with the prediction of the theory.

It is noteworthy that the EPI function can be recon-
structed based on the superconducting addition to the
spectrum not only at T5Tc (where Tc is the temperature of
the superconducting transition), as follows from the theory,
but even at temperatures rather close to critical. Figure 5 in
Ref. [18] shows a set of EPI functions both obtained from the
spectrum of the contact in the normal state and reconstructed
from superconducting additions to the spectrum at various
temperatures. Only slight variations in the shape of the curves
are observed. The position of the main maximum remains
unaltered even near the critical temperature, although the
shape of this spectrum in the low-energy region already differs
to some extent from the previous ones.

Figure 4 shows the results for another metal, aluminum
[18], which features a relatively low superconducting transi-
tion temperature and, consequently, small values of the gap
and excess current. Therefore, the superconducting addition
to the spectrum turns out to be very small: the curves gN

pc and
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~g S
pc are virtually indistinguishable. Due to the inevitable errors

associated with the digitization of the scanned experimental
curves and their small difference, the accuracy with which the
difference curve was determined turns out to be low, and
therefore the shape of the EPI function reconstructed from
this addition somewhat differs from that obtained from the
spectrum in normal conditions. However, given the above
circumstances, the agreement in shape may be considered
quite satisfactory.

4.2 Contacts in which the predictions of the theory fail
However, the agreement between theory and experiment
demonstrated in Section 4.1 is not always the case, even for
ballistic superconducting point contacts. Tantalum-based
contacts are one such example [22]. Deviations from
theoretical predictions are observed for both heterocontacts
and homocontacts. The strength of the effect, the magnitude
of the superconducting addition to the spectrum, and the
shape of the contribution differ. While the addition is
relatively small for the previously considered point contacts,
and the shape of the second derivative of the IÿV curve in the
phonon frequency region changes very insignificantly in the
transition to the superconducting state, the spectrum under-
goes in the case of tantalum point contacts radical changes
during the transition to the superconducting state. This is
most clearly manifested for relatively low-resistance point
contacts, but even for high-resistance point contacts, in which
the ballistic condition is satisfied quite accurately, deviations
from theoretical predictions are very large. No smearing of
the spectrum and the associated decrease in intensity occur in
the superconducting state. On the contrary, the phonon
modes steeply sharpen. Moreover, the shape of the point
contact spectrum changes, especially in the low-energy
region. A soft phonon mode in the vicinity of an energy of
7±8meV,whichmanifests itself in the normal state in the form
of a plateau, is displayed in the superconducting state in the
form of a peak; in addition, the amplitude of the phonon peak
in the vicinity of an energy of 11.5meV significantly increases.
However, the differences for the high-energy peak are
noticeably less pronounced. To identify the reasons for such
radical differences in the manifestation of phonon singula-
rities in the spectra of tantalum- and tin-based contacts, we
compare their characteristic parameters in Table 1.

Since the average energy relaxation length of electrons
strongly depends on their energy, and the deviations in the
tantalum spectra from the theoretical predictions in the
transition to the superconducting state commence already in
the region of small biases, the energy relaxation length is not
significant for such differences. The main reason that results
in the deviation of tantalum point contacts from the
predictions of the theory is the small reduced coherence
length z. The volume of a sphere limited by the radius z is in
tantalum 100 times less than the corresponding volume in tin;
in addition, the Fermi velocity of electrons is also 2.5 times
less. This leads to an increase in the density of Andreev
electrons in the near-contact region and, consequently,
increases the likelihood of their interaction with nonequili-

brium phonons. Thus, contrary to the predictions of the
theory, the reabsorption of nonequilibrium phonons by
Andreev electrons occurs not only in a volume of the order
of the diameter of the contact, but also in a volume whose
characteristic size is the reduced coherence length.

In addition to phonon singularities in the transition to the
superconducting state, nonspectral singularities emerge in the
spectra of tantalum point contacts, the position of which
depends on the temperature, resistance of the contact, and
magnetic field. The existence of these singularities is also
associated with the smaller reduced coherence length in
tantalum compared to that in tin. These singularities are
manifested in the form of a sharp surge in the second
derivative of the IÿV curve, which is more intense than the
gap singularity. This surge corresponds to a stepwise decrease
in the excess current due to a sharp decrease in the super-
conducting gap in the near-contact region.

The reason for this behavior of the gap is that the critical
density of nonequilibrium quasiparticles is attained in the
near-contact region [13±15]. Since the energy relaxation
length in the contacts under consideration is much greater
than their diameter, most of the electrons lose energy in the
banks, being scattered on nonequilibrium phonons. These
electrons are accumulated after the loss of excess energy
above the gap, and their number increases with increasing
voltage across the contact. When the critical density of
nonequilibrium quasiparticles is attained, a jump-like transi-
tion of a part of the superconductor occurs to a new state with
a partially suppressed gap. The smaller the superconductor
volume adjacent to the constriction in which this transition
occurs, the faster such a nonequilibrium state is apparently
attained, i.e., the smaller the reduced coherence length z that
determines the minimum transition volume.

The position of the nonequilibrium singularity for
TaÿCu heterocontacts of various resistance values at a
temperature of 2 K corresponds to an injection power of
approximately 0.4 mW. An increase in the temperature or a
magnetic field results in an increase in the relaxation rate of
quasiparticles above the gap; therefore, to attain their critical
density, the injection power should be increased. The
resulting shift of the nonequilibrium singularity towards
high voltages rules out the interpretation of such singularities
as related to the breakup of superconductivity due to heating
or suppression by a magnetic field.

Singularities of this kind are not observed in the spectra in
the phonon frequency region for SnÿCu heterocontacts,
since the volume in which a transition to a nonequilibrium
state with a suppressed gap can occur is two orders of
magnitude larger.

Since the transition to a nonequilibrium state quite
insignificantly suppresses the excess current, the effect of
this transition on the superconducting addition to the
spectrum is also small, with the exception of a possible
coincidence in energy with phonon singularities. The signifi-
cantly higher intensity of the nonequilibrium singularity does
not allow in this case the phonons to be traced. A further
increase in the injection power with an increase in the voltage

Table 1. Characteristic parameters of tin and tantalum.

R, O d, nm r300=rres rl, O cm2 vF, cm sÿ1 lDe , nm li, nm x0, nm z, nm D, meV

Sn
Ta

7ë30
16ë210

5.1ë10.5
2.2ë8.5

� 15;000
18

4:5� 10ÿ12

5:9� 10ÿ12
1:89� 108

0:74� 108
� 360

� 90

6000
82

� 200

92
� 200

43
0.57
0.71
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applied to the contact leads to suppression of the smoothness
of the excess current. This suppression depends on the
resistance of the contact and can be very significant for low-
resistance contacts, which noticeably affects the intensity of
the singularities associated with the scattering of nonequili-
brium phonons by Andreev electrons.

We now consider the specific features of the formation of
phonon singularities in the spectra of tantalum-based point
contacts in the superconducting state. The superconducting
addition to the spectrum in such contacts, in contrast to that
for the previously considered tin- and aluminum-based
contacts, is a superposition of contributions from a region
whose size is of the order of the diameter of the contact and a
region with a characteristic size of the reduced coherence
length, which is significantly larger in volume. Owing to the
latter circumstance, phonons with low group velocities that
correspond to the maxima of the phonon density of states
start playing an essential role in the reabsorption of none-
quilibrium phonons by Andreev electrons. Such phonons
leave this volume more slowly, which leads to an increase in
their density in comparison with that of fast phonons. Since
the scattering probability depends on the phonon density, the
contribution of slow phonons with energies corresponding to
phonon peaks will be the largestÐ the peaks will sharpen.
Phonon selection is not operative in a region whose size is of
the order of the diameter of the contactÐall phonons are
equivalent. The ratio of the contributions from these volumes
determines the degree to which the phonon peaks in the
spectrum sharpen in the transition of the contact to the
superconducting state. The degree of sharpening apparently
increases with an increase in the size of the contact, an
observation that is perfectly confirmed by experimentÐ the
sharpening is stronger for low-resistance contacts.

Prior to proceeding to the experimental results for
tantalum contacts, it should be noted that their contribution
is not manifested in the point-contact spectra of heterocon-
tacts of transition d-metals or compounds based on them and
Cu, Ag, and Au. This circumstance is very convenient for
studying the spectra of these metals or compounds based on
them.

We now consider a rather high-resistance TaÿCu contact
with a resistance of about 73 O (Fig. 5). Its diameter is
� 3:7 nm, and its parameters fully comply with the require-
ments of the theory [6] (see Table 1); however, the transforma-
tion of the contact spectrum in the transition to the super-
conducting state does not agree with theoretical predictions.
The nonequilibrium singularity in the spectrum in the super-
conducting state is located for this contact at an energy of
about 5 meV, and its energy only coincides with that of the
soft mode at an edge. The shape of the superconducting soft
mode is a peak rather than a plateau, as in the normal state.
Observed are a sharpening and a significant increase in its
intensity rather than smearing of the phonon peak in the
energy region of 11.3 meV. However, the effect of the
superconducting transition on the peak in the 18-meV region
is noticeably less. As can be seen in Fig. 5b, c, the sum rule
formulated in Section 4.1 is not satisfied for the resulting
SÿNÿBS curve after the superconducting background BS is
subtracted. Due to this, attempts to reconstruct the EPI
function from this curve yield a g S

pc curve with a back-
ground. To correct this circumstance, the SÿNÿBS curve
should be adjusted in the energy range above 12 meV. The
adjustment is carried out by multiplying the SÿNÿBS curve
by an empirical scale adjustment curveM. The curveM is 1 in

the low energy region (does not change the shape of the
difference curve) and increases the amplitude of the difference
curve in the high energy region in such a way that the adjusted
curve satisfies the sum rule. The results of reconstructing the
EPI function from the resulting curves SÿNÿBS and
M�SÿNÿBS� are displayed in Fig. 6.

As noted above, the reason for the decrease in the
amplitude of the resulting SÿNÿBS curve in the energy
region above 12 meV is the suppression of the excess current
by nonequilibrium quasiparticles. Figure 7a, b shows the
dependences of the first derivatives of the IÿV curve of the
point contact in the normal and superconducting states, the
dependence of the excess current on the contact bias, and the
scale adjustment curve M, the same as in Fig. 5. For easier
comprehension, vertical and horizontal segments indicate the
voltage and excess current values that correspond to the onset
of the step on the scale curve. As can be seen from the figure,
the dependence of the excess current on M in the vicinity of
the step is free of singularities.

It should be noted that suppression of the superconduct-
ing addition to the spectrum is observed for all tantalum-
based ballistic point contacts at biases above 12 meV. A
consequence of this phenomenon is that the sum rule for the
resulting curves SÿNÿBS is violated and scale adjustment
curves need to be applied in reconstructing the EPI function.
These curves proved to be characterized by almost the same
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shape, independent of the resistance and the type of contact
(homo- or heterocontact). They only differ in the amplitudes
of the curves.

Figure 7c, d shows the scale curves for three heterocon-
tacts and two homocontacts of various resistances normal-
ized to the same amplitude at biases at the phonon spectrum
edge. Despite the individual selection of each curve, differ-
ences in shape are minimal. Moreover, it turns out that the

same curve may be used for various contacts by tuning its
amplitude, which is demonstrated using homocontacts as an
example. At the same time, the amplitude of the curves very
greatly depends on the degree of suppression of the excess
current, which correlates with the resistance of the contact.
The excess current for homocontacts with comparable
resistances is twice as large; therefore, the amplitude of the
scale curves is also lower. Although all scale curves exhibit a
step in the 12±13 meV region, the dependences of the excess
current on the voltage for all the given contacts do not exhibit
any clearly pronounced singularities in this range of biases;
only a sufficiently smooth decrease in the excess current is
observed. At the same time, a sharp decrease in the density of
phonon states is observed near this energy for tantalum after
the first peak. As noted above, the probability of scattering of
nonequilibrium phonons by Andreev electrons in a volume
limited by the reduced coherence length highly depends on the
density of both components. It can be assumed by analogy
with the mechanism of the emergence of nonequilibrium
singularities that there are certain threshold densities of both
Andreev electrons and nonequilibrium phononsÐ the prob-
ability of their interaction sharply drops at lower densities.
Moreover, these threshold densities are interrelatedÐ if the
density of one component increases, the critical density of the
other decreases. The initiating factor is in this case a sharp
decrease in the rate of change in the flux density of non-
equilibrium phonons at energies of about 12 meV against the
background of a smooth decrease in the excess current. The
magnitude of the effect in this case already depends on the
degree of suppression of the excess current: as the previous
analysis shows, the decrease in the probability of scattering
(and, consequently, the magnitude of the superconducting
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addition to the spectrum) can change severalfold. This is also
confirmed by homocontactsÐ larger values of excess currents
correlate with smaller amplitudes of the adjustment curves. As
follows from the shape of the adjusting scale curves, further
suppression of the excess current, as well as the rate of change
in the flux density of nonequilibrium phonons, is no longer
accompanied by any jumps.

We note in concluding this section that a stepwise decrease
in the amplitude of the superconducting addition to the
spectrum against the background of smooth suppression of
the excess current is not only observed for tantalum-based
contacts, but also characteristic of all superconducting
contacts studied by us, which deviate from theoretical predic-
tions.

5. Inhomogeneous point contacts

Ballistic contacts are very important for understanding the
processes that occur in them in transiting to the super-
conducting state and for clarifying the procedures needed to
reconstruct the EPI function. Inhomogeneous contacts are a
clue to reconstructing the EPI function in superconductors,
the transition of which to the normal state at low temperatures
and production of ballistic contacts based on them are very
challenging tasks. An inhomogeneous point contact is one
which contains in its constriction a region with a diffusive
mode of electronmotion, i.e., a region forwhich the inequality
li 5 d5Le is satisfied, where d is the diameter of the contact,
li is the elastic relaxation length, le is the energy relaxation
length, and Le is the diffusive energy relaxation length,
Le �

�����������
lile=3

p
. The intensity of the spectrum in the diffusive

regime is an order of magnitude lower than in the ballistic
regime by the factor � li=d.

According to theoretical model [23], the second derivative
of the IÿV curve of the diffusive contact differs from that for
the ballistic one by its smaller value. In addition, an almost
complete isotropization of the EPI spectrum is observed,
which is due to the isotropization of the electron momentum
distribution. This can only lead to a slight smearing of the
spectrum and an insignificant change in its shape.

For the contact to be a diffusive one, it is not required that
the defect zone occupy the entire volume of the order of the
diameter of the contact. If the highest density of defects and
impurities is concentrated near the center of the contact and
decreases at the periphery, the electronsÐafter being
scattered by nonequilibrium phononsÐdiffuse with high
probability in the direction in which the density decreases.
In other words, the spectrum in the normal state is primarily
determined by scattering processes near the center of the
contact at the interface at which electrodes touch each other.
This can lead to an increase in the contribution to the EPI
spectrum of surface phonons and, consequently, to its
additional smearing. If only one bank of the point contact is
in the diffusive mode, the intensity of each partial contribu-
tion in the resulting spectrum is apparently determined by the
dirty bank.

The diffusive regime is attained in experiments with a high
density of defects and impurities in the constriction region.
The diffusive condition for point contacts of relatively small
diameters assumes that the elastic relaxation length is
comparable by an order of magnitude to the period of the
crystal lattice, which turns out to be highly distorted in the
perturbed region. The second derivative of the IÿV curve of
such contacts in the normal state exhibits strongly smeared

low-intensity phonon singularities against a very high back-
ground level or even their complete absence. The derivative
actually becomes similar to a background curve.

Nevertheless, the regime of passage of electrons through
the constrictions remains a spectroscopic one: carriers are
duplicated in the current-passage state; the difference
between the energies of occupied and free states of electrons
in the current-passage state on the Fermi surface remains
equal to the applied voltage, and weakly pronounced and
smeared phonon singularities in the normal state remain in
their places.

For spectroscopy in the superconducting state to be
successful, it is also necessary that the point-contact banks
adjacent to the constriction have a sufficiently perfect crystal
lattice, since nonequilibrium phonons produced in the banks
reflect the vibrational structure of thematerial in the region of
its production. Since the quality of the material in the bulk of
the electrode near the short circuit can alter in the process of
manufacturing the contact, the obtained spectrum is the most
reliable source of information about the quality of the lattice.
For these phonons to effectively interact with Andreev
electrons, the reduced coherence length in a superconductor
should not be very large. These requirements are usually
sufficient to reconstruct the EPI function based on the second
derivative of the IÿV curve of a point contact in the
superconducting state.

The nonlinearity of the IÿV curve in the superconducting
state depends on both themagnitude of excess current and the
volume in which the Andreev electrons effectively interact
with the generated nonequilibrium phonons. Since this
current in diffusive contacts is slightly more than half of the
value in ballistic contacts and the effective volume increases
due to the involvement of the banks at a distance of the order
of the reduced coherence length, it may be expected that the
nonlinearity of the IÿV curve of point contacts in the region
of phonon frequencies in the superconducting state will be
much larger than in the normal state. A similar situation is
often realized in clamping point contacts, since the surface is
usually more contaminated than the bulk of the material, and
additional distortions are introduced at the interface between
the electrodes in the process of creating a point contact.

5.1 Niobium-based point contacts
It is reasonable to test the arguments set forth above on awell-
studied superconductor. Niobium is a suitable candidate
from this perspective. On the one hand, the EPI function for
this metal has been well studied. On the other hand, niobium
is a very complex metal from the perspective of point-contact
spectroscopy. A large number of centers that scatter electrons
are available on its oxidized surface, while they are absent in
the bulk of the metal. A very large number of experiments
have been carried out in studying EPI in niobium using
Yanson spectroscopy. Several hundred contacts have been
explored, the overwhelming majority of whose spectra
correspond to the dirty limit. Only a few point-contact
spectra in the normal state exhibited the presence of phonon
singularities, and their quality was rather low [24, 25]. It is all
the more interesting to confirm the feasibility of reconstruct-
ing the EPI function using inhomogeneous point contacts.

To create point contacts, quite pure niobium was used, in
which the elastic relaxation length at a low temperature was
� 220 nm. The coherence length in niobium x0 � 44 nm;
given the elastic relaxation length, the reduced coherence
length in an unperturbed material is z � 36 nm.
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Two approaches were employed in creating the contacts.
In the first one, the electrodes used to create contacts were
etched in a mixture of acids, rinsed in water, and dried before
being mounted in a clamping device. In the second approach,
the electrodes treated by the above method were placed in an
ultrahigh vacuum and heated to a pre-melting temperature
using an electron beam. A layer of aluminumwith a thickness
of� 10 ± 15 nmwas deposited after cooling on the edge of the
electrodes and next oxidized in a boiling 30% solution of
H2O2. In what follows, point contacts created using the
electrodes produced within the first approach are called for
brevity type I contacts, and those produced using the second
approach, type II contacts.

The second derivatives of the IÿV curve of contacts of
both types in the normal state were very similar and exhibited
a high background level with an almost complete absence of
phonon singularities. In the superconducting state at a
constant level of modulating voltage, the value of the second
derivatives of the IÿV curve increased by approximately an
order of magnitude, while for contacts of different types they
usually differed noticeably in shape. The most characteristic
feature of type I contacts is an inverted S-shape without any
additional structure, which can be seen in Fig. 8a. Since the
nonlinearity of the IÿV curve in the superconducting state is
primarily determined by the scattering of nonequilibrium
phonons by Andreev electrons, an additional insignificant
contribution from the backscattering can be ignoredÐ there
is no need to subtract the second derivative of the IÿV curve
in the normal state to reconstruct the EPI functions.
However, the procedure for subtracting the background BS,
taking into account the fulfillment of the sum rule, apparently
remains in force. After having integrated the difference curve
(Fig. 8b, e, h), we obtain the EPI function (Fig. 8c, f, i). Since
the superconducting addition to the spectrum is formed in a
volume whose characteristic size is the length of conversion of
Andreev electrons into Cooper pairs, the shape of the EPI
function reconstructed based on this addition may be used to

draw an indirect conclusion about the degree of perfection of
the crystal lattice of this volume. As can be seen from the
figure, the EPI function reconstructed for this contact is a
smeared bell-shaped curve, typical of a highly deformed
metal. A corresponding example is given in [26] in Fig. 1 for
the spectrum of a zirconium contact produced by the fracture
method. However, a gentler technique of producing clamping
contacts enables obtainment of zirconium spectra with a
significantly better resolution, even if electrodes of appar-
ently inferior quality are used (see Fig. 9 in Ref. [27]).

Thus, the thickness of the defect layer in type I niobium
contacts most often turns out to be comparable to the length
of conversion of Andreev electrons into Cooper pairs or even
to exceed it. Therefore, if nonuniform point contacts are used
to reconstruct the EPI function, the key condition is the
minimum possible thickness of the defect layer. At the very
least, it must be much smaller than the size of the region in
which nonlinearity is formed in the superconducting state. It
turns out that this condition is much simpler to satisfy for
type II contacts.

Figures 8d±f show the spectra of the type II NbÿNb point
contact in the normal and superconducting states. It is
difficult to estimate in quantitative terms the diameter of
such a point contact, since the electronic parameters of the
defective material, of which the constriction consists, are
unknown. It is only possible to use the electronic parameters
of pure niobium to obtain a lower bound for the diameter by
means of the Sharvin formula. We get for a resistance of
17.5 O d > 6 nm. In the normal state, there are no peaks in the
spectrum in the region of the corresponding phonon energies;
a small plateau alone is observed near the soft mode. The
intensity of the normal spectrum is extremely low, which
corresponds to a small elastic scattering length and is
characteristic of an amorphous material. For better compre-
hensibility, the curve marked as N� 10 shows this spectrum
magnified by a factor of 10. The intensity of the spectrum
increases by an order of magnitude in the transition to the
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superconducting state, and singularities associated with
phonons emerge in that spectrum. The shape of the spectrum
as a whole is similar to that of the SÿN difference curve for
tantalum point contacts (see, for example, Fig. 5), but with a
number of significant differences. Non-equilibrium singula-
rities observed for tantalum ballistic contacts are missing.
Judging by the absence of a peak at the soft mode site, there is
no selection of phonons with low group velocities. A probable
explanation is that lattice defects can result in a small elastic
free path of nonequilibrium phonons, which counterbalances
the selection effect.

Figures 8b, e, h show the difference curve after subtracting
the background BS. As in the case of tantalum-based point
contacts, the high-energy part of the difference curve is
noticeably suppressed and requires adjustment. Figures 8c, f, i
show the EPI function reconstructed using the adjusted curve.
Despite the apparent progress compared to the previous
contact, the quality of the reconstructed EPI function is still
not high enough. Phonon peaks are smeared: while the first
peak is located at approximately 16 meV, which corresponds
to the position of the maximum on the EPI tunneling
function, the high-frequency peak is shifted to the region of
higher energies, from 22 to 25 meV. Such behavior previously
observed for some spectra in the normal state [24, 25] was
associated with inhomogeneity of the material in the region
where the IÿV curve nonlinearity is formed, in particular,
with the presence of impurities in the form of conducting
niobium oxides.

Of significant interest is the spectrum of the type II contact
shown in Fig. 8g±i. Its shape is similar to that of the spectrum
in Fig. 8d±f; however, all the singularities of the spectrum are
shifted to the region of high energies. After subtraction of the
background BS, adjustment of the resulting curve, and
subsequent integration, we obtain the EPI function, the
peaks of which are located near 20 and 28 meV. This
corresponds to the niobium EPI function `stretched' along
the x-axis by 20%. Multiplying the x-coordinate of the curve
by 0.8, we obtain the EPI function, which is very close to the
tunnel one.

A reason for the phonon singularities being shifted
towards higher energies may be the complex structure of the
contact. Since the control over the thickness of the deposited
aluminum layer was not precise enough, its thickness
probably proved to be greater than the conventional value.
The aluminum film was not oxidized to the full depth during
the subsequent treatment in peroxide. This mechanism may
be an explanation for the peaks on the EPI function of the
contact in Fig. 8d±f being smeared and shifted. There, the
thickness of the aluminum filmwas smaller, and the surface of
the niobium electrode was affected in the process of its
oxidation. Given the conductivity of lower niobium oxides,
it may be assumed that they affect the spectrum. However, it
is not possible to accurately assess the structure of the contact.
From a practical point of view, we have a resistance
connected in series that shifts the phonon peaks in the
spectrum to the region of higher energies, which can be
taken into account if the true position of the phonon features
is known.

Figure 9 shows all three EPI functions reconstructed from
the second derivatives of the IÿV curve in the superconduct-
ing state in comparison with the EPI functions, one of which
was reconstructed from tunnel data [28] and the other from
the second derivative of the IÿV curve of the point contact in
the normal condition [24, 25]. The quality is apparently the

best for the third curve adjusted using the positions of the
phonon peaks. It is in the case of the point contact
corresponding to this curve that the volume of niobium near
the constriction, in which the nonlinearity of the IÿV curve is
formed, is the most perfect.

5.2 Point contacts based on MgB2

We have considered thus far conventional, virtually isotropic
metals with a sufficiently long coherence length and a single
gap. However, most of the known superconductors feature
strong anisotropy, much smaller anisotropic coherence
lengths, and the presence in some cases of two super-
conducting gaps. It is a challenging problem to predict how
the EPI will manifest itself in superconducting point contacts
based on them; however, we use the previously developed
techniques to reconstruct EPI functions for such materials.

One such object is MgB2 [17], which has two super-
conducting gaps in the range D�2ÿ7 meV. It should be
stressed that the value of the larger gap, 7 meV, refers to point
contact measurements. The maximum gap amplitude in a
number of tunneling experiments is as high as � 10ÿ11 meV
[29±31]. The constant rl � 2:4� 10ÿ12 O cm2 differs by a
factor slightly more than two from that of tantalum; there-
fore, given that resistance values are close to each other, the
diameters of the obtained point contacts are slightly larger.

Contacts (Fig. 10a) were created by touching the MgB2

film with a bulk silver counter-electrode [32±34]. The film was
highly oriented along the c-axis directed perpendicular to the
surface of the Al2O3 substrate. At the same time, the crystal
structure of the film in the ab plane was randomly oriented.
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The temperature of the superconducting transition of the film
is 39 K, and the transition width is � 0:2 K. The resistance
ratio r�300 K�=r�40 K� � 2:3 [35], and the specific resistance
of the sample at room temperature corresponded to poly-
crystalline material. The elastic mean free path in the film at a
liquid helium temperature is of the order of 4 nm, the
coherence length x0 � 12 nm is almost an order of magni-
tude smaller than that in tantalum, and, given the elastic
relaxation length, the reduced coherence length in the
unperturbed material is only z � 3 nm. The resistance of the
point contacts ranged from 36 to 150 O, which, if evaluated
using the Sharvin formula, yields diameters d � 2:2ÿ4:4 nm.
This can provide in the ideal case a mode of electron passage
close to the ballistic one. For point contacts similar to those
shown in Fig. 10, weakly pronounced, strongly smeared
singularities are observed in the normal state in the region of
phonon energies with a high background level [32]. Thus, the
actual regime of the passage of electrons is still not ballistic,
and the given estimate of the diameters is an estimate from
below.

In plotting the superconducting background curves, we
were guided by the sum rule, indirectly taking into account
the assumed shape of the absent normal-state curves;
therefore, the background curves are not completely
monotonic. Given the above, it may be assumed that for
these contacts, as well as for the niobium contact considered
last, only the center near the constriction is directly
contaminated, albeit to a somewhat lesser extent, since
small bends are observed in the background curves in the
vicinity of phonon energies. The remaining volume of the
point-contact and the banks preserve their initial structure
and purity. Since the elastic path length in the banks is
relatively small and the coherence length is also small, no
selection of phonons with small group velocities similar to
that in tantalum is observed here.

Figure 10b shows the EPI functions reconstructed on the
basis of second derivatives after background curves are
subtracted. Despite some differences, these functions are
very close to each other.

Finally, Fig. 11 displays the EPI function obtained by
averaging over these five contacts in comparison with the
point-contact functions for ZrB2, which belongs to the same
crystallographic group [33]. It can be seen that the functions
are rather similar in shape and position of phonon singula-
rities, which are located for the averaged spectrum at
energies 3±5 meV lower than those for ZrB2, with the
exception of the position of the first maximum, which is
shifted to higher energies by � 16 meV. This phenomenon is
quite understandable, since this mode is associated with
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vibrations of Zr ions whose atomic mass is � 3:75 larger
than that of Mg ions.

An overall conclusion may be drawn that the method
applied enables a fairly accurate reconstruction of the shape
of the EPI function on the basis of superconducting point-
contact spectra.

5.3 Point contacts based on NbSe2
The compound 2HÿNbSe2 is much more challenging for
point-contact research than MgB2. This layered and easily
splittable superconductor is highly anisotropic. The specific
resistance of this compound (rab � 2� 10ÿ4 O cm,
rc � 10ÿ3 O cm [36]) and the value of the constant
rlab � 2:2� 10ÿ11 O cm2 are more than an order of magni-
tude larger than those for conventional metals Therefore,
with comparable dimensions, the resistance values of the
created point contacts are high by the `standards' of
conventional PC spectroscopy. The elastic path length in the
ab plane was approximately 33 nm for an unperturbed
material at a temperature close to Tc. The coherence length
in this material is even smaller than inMgB2: xab�0� � 7:8 nm,
xc�0� � 2:6 nm. Given the elastic relaxation length, the
reduced coherence length in the unperturbed material in the
ab plane is z � 6:3 nm. There are also two superconducting
gaps in the range D � 1:1ÿ2:5 meV [17]. In addition, noise in
point-contact spectra strongly depends on the quality of
seemingly very similar single crystals. Thus, for example,
point contacts formed on the basis of a single crystal with
r300=rres � 30 featured a very low noise level at resistance
values up to 1 kO, while the noise level in single crystals with
r300=rres � 100 at resistance values above 10Owas very high.
A possible reason for this phenomenon is the incommensu-
rate charge density waves (CDWs) that exist in this com-
pound. In the first case, single crystals are not very perfect,
and there are effective pinning centers that hinder the CDW
motion. In the second case, these centers are few, and the
motion of the CDW in the vicinity of the contact in the
current-passage state generates such noises.

The single crystals under study had the shape of plates
several millimeters in size and about 0.1 mm thick with
natural faceting. The axis of the created point contacts was
parallel to the ab plane. In producing point contacts, the
contact area was cut off with a blade, since the faces of natural
growth of single crystals featured poor superconducting
properties. Therefore, the crystal structure near the cut was
highly disturbed.

We present here the results of a study of two point
contacts based on 2HÿNbSe2 with different resistances. The
diameter of the first NbSe2 ±Cu heterocontact (Fig. 12a, b)
with a resistance of about 1.1 kO is close to the diameters of
the MgB2-based point contacts considered above and, if
estimated using the Sharvin formula, is d�2 nm [16, 17].
Consequently, the reduced coherence length is in this case
approximately three times the diameter. The diameter of the
second homocontact (Figs 12c±e) with a resistance of about
55O is much larger, d � 17 nm [16, 37]. Thus, the diameter of
this contact is already almost three times the reduced
coherence length. Nevertheless, the elastic relaxation length
for the undisturbed material is in both cases greater than the
diameters of the contacts.

None of the point contacts studied by us [16] had in the
normal state phononrelated singularities on the second
derivatives of the IÿV curve. In the transition of point
contacts to the superconducting state, the second derivatives

of the IÿV curve exhibit singularities that extend up to
energies of about 65 meV. Hence, it may be concluded that
we are dealing in this case with point contacts in which defects
do not occupy their entire volume, but rather are concen-
trated near the constriction. Since the conversion of Andreev
electrons into Cooper pairs occurs on the reduced coherence
length, inelastic scattering of nonequilibrium phonons by
Andreev electrons occurs for a point contact with a large
diameter in the region of strong current density. However,
Andreev electrons are not `smeared' here over a large volume,
as is the case in ballistic contacts, in agreement with the
predictions of the theory, but are concentrated in the same
region of high current density. Therefore, as the bias grows,
the density of nonequilibrium phonons increases, which leads
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to a rapid suppression of the excess current at biases above
15 meV in this point contact.

The intensity of the spectrum also begins to decrease
following a decrease in the excess current. The situation here
is in a sense similar to that observed in tantalum point
contacts: there is a certain range of excess current values, in
which the spectrum intensity changes insignificantly. Applied
to this contact, this implies that the onset of the decrease in the
spectrum intensity followswith a certain delay the onset of the
decrease in the excess current.

Figure 13 shows the excess current as a function of bias for
this contact and the scale factor that adjusts the amplitude of
the second derivative of the IÿV curve. The vertical and
horizontal lines show the voltage that corresponds to the
segment of a sharp increase in the scale curve and the
corresponding value of the excess current. It is clearly seen
that the decrease in the excess current occurs much more
smoothly and significantly faster than the decrease in the
amplitude of the second derivative. Therefore, the scale curve
has a stepped shape similar to tantalum point contacts. This
curve is scaled in such a way thatMmin � 1 andMmax � 100.

Figure 14 shows the EPI functions reconstructed for these
contacts. There is good agreement between these functions
reconstructed from such differing point contacts, especially
given the high lability of the point contact spectra of
NbSe2 [16].

We now consider in more detail the low-resistance point
contact. Figure 13 shows that there is no critical current in this
homocontact, and the excess current is only 8 mA, a value
which is well below the dirty limit. Nevertheless, the broad-
ening or smearing of the EPI function, characteristic of a
material with a broken crystal lattice, is not observed for this
contact. Thermal broadening of the phonon peaks is not
observed either, indicating that the suppression of the excess
current with an increase in the contact bias occurs due to
other reasons. The small value of the excess current, which is
due to the inhomogeneity of the point contact, is associated
with the fact that the violation of the crystal structure results
for NbSe2, as for many other superconducting compounds, in
the suppression of superconductivity. Part of the contact
volume is filled with a nonsuperconducting material with a
broken crystal lattice. Owing to this, the EPI spectrum is

formed in that part of the point contact where the crystal
structure of the material is not disturbed, which provides
sharp and clear phonon peaks. As regards the magnitude of
the excess current, the available formulas assume the presence
of a homogeneous superconductor throughout the entire
volume.

6. Elastic point-contact spectroscopy

In reconstructing the spectral EPI function g�o� in elastic
Rowell±McMillan spectroscopy, the normalized differential
conductivity of superconducting tunneling junctions is used,
which is referred to as the density of tunneling states. The
latter does not contain this function in an explicit form; to
reconstruct it, a numerical solution of Eliashberg's integral
equations of the phonon theory of superconductivity is used.

If the elastic component of the current is taken into
account for superconducting point contacts with direct
conductivity, a term additional to the IÿV curve nonlinear-
ities described by Eqn (1) emerges. This additional nonlinear-
ity, which is associated with the dependence of the super-
conducting gap on the bias at the contact, arises due to the
electron±phonon renormalization of the superconductor
energy spectrum. Such nonlinearity exists for all point
contacts, but its value is very sensitive to the strength of the
electron±phonon interaction, and it can differ for various
superconductors by a factor of several hundred or even
thousands. The estimate of the expected elastic contribution
to the spectrum is proportional to� �Tc=yD�2, where yD is the
Debye temperature. Lead features one of the largest elastic
contributions to the spectrum. Table 2 shows the elastic
contributions of some superconductors in comparison with
that of lead, together with the values of superconducting gaps
and critical temperatures.

The normalized differential conductivity of point contacts
with direct conductivity differs from that for tunnel junctions
due to the presence of excess current associated with Andreev
reflection processes. The corresponding formulas for these
conductivities for point and tunnel contacts are given in [19].

We now consider more closely the elastic contribution for
pointlike point contacts. Elastic processes were shown in [7]
to result in the emergence of maxima of differential con-
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ductivity in the region of characteristic phonon frequencies
on the first derivative of the excess current. In contrast to the
plot shown in Fig. 1b, the single phonon line will manifest
itself as a stepwise increase in the excess current. However,
inelastic processes manifest themselves as maxima of the
differential resistance on the first derivative of the excess
current. Thus, the effects of these contributions are opposite
to each other, and if amplitudes of these contributions are
close to each other, they can be mutually reduced. It is very
difficult to estimate in advance which contribution will
prevail, since the available formulas are derived for the
ballistic regime of point contacts.

At the same time, as was found for tantalum-based point
contacts, the not very accurate fulfillment of the ballistic
condition regarding the coherence length greatly increases the
proportion of the inelastic contribution. Since the coherence
length for many superconductors is often not too large in
comparison with the diameters of point contacts, the
predominance of the inelastic contribution is expected to be
more likely. Anyway, this is exactly the case for the examples
considered above. However, it was found for at least two
superconductors, namely lead and indium, that the elastic
contribution predominates in the spectra of point contacts
with direct conductivity based on these materials. The same

conclusion is undoubtedly true for mercury-based point
contacts.

Although study [7] does not contain direct indications that
the EPI function is present in an explicit form in the spectra of
point contacts with a predominant elastic contribution, the
authors of [18] used the conclusion about themanifestation of
phonon peaks in the form of maxima of differential con-
ductivity to successfully reconstruct these functions using
lead and indium spectra. To reconstruct the EPI function
from the elastic contribution to the spectrum of point
contacts, techniques have been used that were successful in
inelastic Andreev spectroscopy.

6.1 Lead-based point contacts
Lead has the constant l � 1:55, a value which is one of the
highest among all elements. Mercury alone has a greater
value, l � 1:6. Figure 15a, e shows the spectra of the PbÿRu
heterocontact in the superconducting (S) and normal (N)
states. The ruthenium EPI spectrum is much harder than
that of lead and does not overlap with it in energy, so it is
not shown in the figure. The spectrum intensity in the
normal state is close to the maximum for a symmetric
heterocontact; therefore, the contact can be considered a
ballistic contact.

Table 2. Estimated elastic contribution to the spectrum of some superconductors drel normalized to the contribution in lead and the values of the energy
gap and temperature of the superconducting transition.

Superconductor Pb Nb In Sn Ta Al NbSe2 MgB2

drel
D0, meV
Tc, K

1
1.365
7.2

0.21
1.6
9.2

0.21
0.525
3.42

0.078
0.575
3.722

0.063
0.7
4.47

1:68� 10ÿ3

0.17
1.181

0.023
1.07 ë 2.48

7.2

0.24
1.8 ë 7.4
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Figure 15b, f shows the difference curve and the assumed
curve of the superconducting background. In constructing
the background curve, we were guided by the same sum rule
as in the case of an inelastic contribution. As can be seen from
the figure, the shape of the background curves for the elastic
contribution radically differs from that for inelastic contribu-
tions. Energy dependence is described by a complex non-
monotonic rather than smooth curve. This circumstance,
unfortunately, allows a great deal of arbitrariness in the
choice of the shape of the background curve and thus the
shape of the reconstructed EPI function.

Nevertheless, as follows from the examples given below
(see also [18]), the deviations in shape from the EPI functions
reconstructed from the spectra in the normal state are
relatively small. They may well be due to the nonequivalence
of volumes, from which information about the electron±
phonon interaction is obtained, since these volumes differ by
the degree of perfection of the crystal lattice.

Figure 15c, g shows the resulting curve after subtracting
the superconducting background. As noted above, it follows
from theory [7] that elastic processes result in the emergence
of maxima of differential conductivity in the vicinity of
phonon peaks. Therefore, the curve obtained as a result of
integration is inverted (Fig. 15d, h). The shape of this curve is
seen to virtually coincide with that of the EPI function of
lead reconstructed from the spectrum in the normal state.
Thus, there is no shift of the phonon peaks in the EPI
function reconstructed from the elastic addition to the
SÿcÿN contact compared with the EPI function for the
normal state.

Figure 15e±h displays data for the homocontact of the
PbÿPb contact. The curves are processed here in the same
way as in the case shown in Fig. 15a±d. A difference from the
heterocontact should be immediately noted: the phonon
peaks on the reconstructed curve are shifted here to the
region of higher energies by an amount of the order of D.

Despite the difference between tunneling and point
contacts, the authors of [19] were the first to apply, in
addition to the empirical method for reconstruction of the
EPI function described above, the iterativeRowell±McMillan
method for solving the Eliashberg equations in reconstructing
the EPI function of lead. They used to this end experimental
data for point contacts with direct conductivity and the values
of the real and imaginary parts of D�o� from the table in [38].

6.2 Indium-based point contacts
Table 2 shows that the elastic addition to the spectrum in
indium is almost 5 times smaller than that in lead, but at the
same time is 2.7 times larger than that in tin. Since the
temperature of the superconducting transition and the gap
in indium are only � 8% lower than in tin, the inelastic
superconducting contributions to the spectra in these metals
should be very close to each other. Thus, given the opposite
effect of the elastic and inelastic contributions, it may be
expected that the resulting elastic contribution in indium is
significantly weakened.

Figure 16 shows the spectra of an indium homocontact in
the normal and superconducting states and the results of
processing these spectra in reconstructing the EPI function
from an elastic addition [18]. As in the case of lead
homocontacts, a shift of the phonon peaks in the EPI
function towards higher energies is observed by an amount
of the order of the energy gap. The elastic addition here, as
expected, is very small in comparison with that for lead.

It should be noted that the manifestation of elastic or
inelastic contributions in the spectra of superconducting
point contacts depends not on the absolute value of these
contributions but rather on the relationship between them.
For example, as follows fromTable 2, the elastic contribution
to the spectrum for Nb coincides with that for In, and even
exceeds it forMgB2. However, since the inelastic contribution
is proportional to the excess current determined by the energy
gap, which is much smaller in In, the resulting contribution
for Nb and MgB2 turns out to be inelastic. Nevertheless, the
amount of excess current can be reduced by creating point
contacts with any transparency of the tunneling barrier
between the electrodes. A decrease in the barrier transpar-
ency will eventually lead to the predominance of the elastic
contribution.

7. Discussion of results

The theories of both elastic and inelastic Andreev EPI
spectroscopy refer to the ballistic regime of the passage of
electrons through a constriction. A theory for the diffusive
limit is presented in Ref. [39], but it refers to a long channel
with dirty banks and a jumper and is not suitable for
describing the cases most often encountered in experiments.
There is no theoretical model for the inhomogeneous contacts
discussed in Section 5. Nevertheless, the approach used for
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Figure 16. (a) EPI spectra of an In±In microcontact in the normal and

superconducting states at various temperatures. (b) Differences be-

tween the superconducting and normal spectra and the assumed shape

of the background curve at T � 2:1 K, T=Tc � 0:62, and D � 0:89D0.

(c) Differential curve (with the background subtracted.) (d) Microcontact

EPI function g S
pc reconstructed by integrating the S±N±BS curve shown in

fig. c in comparison with the EPI function gN
pc of the normal state.
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ballistic point contacts turned out to be applicable with some
reservations to these objects as well. If the nondissipative
diffusive regime of electron transit through the defect region
in the constriction is operative for spatially inhomogeneous
point contacts, i.e., duplication of electrons persists, the
second derivative of the IÿV curve of such contacts is largely
similar to the difference between the second derivatives of the
IÿV curve of the superconducting and normal states of
ballistic contacts. Experiments with niobium point contacts
show that even the dissipative mode of electron passage
through the defect region can be used in some cases to
reconstruct the EPI function, taking into account the
emerging resistance connected in series.

The question may always arise concerning materials with
an unknown EPI spectrum: is there dissipation? Statistics can
apparently be helpful in this case. For example, the EPI
function was unknown for NbSe2. The point contacts used
to reconstruct this function were radically different both in
structure (homo- and heterocontacts) and resistance (55 and
1100 O, respectively). In addition, data are presented in [17]
for one more heterocontact with a resistance of 750 O. The
positions of the phonon singularities on all these EPI
functions virtually coincide, which rules out the presence of
a resistance connected in series.

There is also ambiguity in plotting the curves of the
superconducting background and in choosing the position
and amplitude of the step of the adjusting curve, which
ensures the fulfillment of the sum rule for spectra with
suppressed excess current. The behavior of the superconduct-
ing background usually corresponds at large biases to the
general shape of the spectrum, while in the low-voltage
region, the main requirement is to prevent the emergence of
any artifact singularities on the difference curves in moving to
the energy region of the gap or nonequilibrium (for tantalum
point contacts) singularity. The missing section of the curve
that begins at zero should also satisfy the same requirements.
This implies that this segment of the curve should smoothly
match its higher energy counterpart. In addition, the
fulfillment of the sum rule can be improved by varying within
narrow limits the shape of this part of the background curve.

Although the reason for the decrease in the amplitude of
the difference curve (or simply the second derivative of the
IÿV curve for inhomogeneous contacts) is a decrease in the
excess current with increasing voltage, there is no linear
relationship between these phenomena. In a certain range of
variation of the excess current, the value of the super-
conducting addition to the spectrum initially depends
weakly on the magnitude of the excess current, and then
decreases rather sharply. Possible reasons for this behavior
are discussed at the end of Section 4.2. This implies from a
practical point of view that there is no need to monitor the
dependence of excess current on voltage. It is sufficient to
only monitor the amplitude of the curve that requires
adjustment. If for known materials such as tantalum and
niobium this curve is integrated before adjustment (see Fig. 6),
its shape alone is sufficient to determine by means of
straightforward selection the position and next the ampli-
tude of the step of the adjusting curve. The choice of the
position and amplitude of the step of the adjustment curve is
not this obvious in the case of unknown materials with a
complex spectrum. Only the experience in handling NbSe2
can be referred to here. Figure 12c±e shows the second
derivative of the IÿV curve that requires adjustment of the
amplitude. The step position and amplitude were selected in

this case in such a way that the adjusted curve had
approximately the same amplitude in the entire energy range
without sharp surges.

Such a double adjustment as background subtraction and
compensation for the decrease in the amplitude of the curve in
the high-energy region undoubtedly makes the results
obtained more uncertain. A different matter is whether these
variations are critically significant. If all the EPI functions
reconstructed from the superconducting addition for tanta-
lum homo- and heterocontacts are compared with each other
(see review [22]), their variations do not exceed the variations
of the EPI functions reconstructed from the normal state. As
for NbSe2, the uncertainty is in this case significantly larger,
resulting in variations in the shape of the reconstructed EPI
function. However, the positions of the phonon singularities
in this function are at least virtually independent of the
position of the step and the amplitude of the adjusting curve.

An additional complicating factor may be the emergence
in the derivatives of the IÿV curve of nonspectral singular-
ities associated with the breakdown of superconductivity in
the near-contact region. Such singularities may be of various
natures, for example, thermal or associated with nonequili-
brium processes. These singularities are not reproducible;
their position depends on the temperature and the resistance
of the point contact. Therefore, to exclude such singularities
from consideration, certain statistics of the spectra are
required.

Experiments show that it is much easier to create
inhomogeneous contacts suitable for spectroscopy if super-
conductors with a covalent bond between atoms are used.
Their crystal lattice is significantly stiffer than that of metal-
bonded superconductors. If point contacts are produced
employing mechanical methods, lattice distortions extend to
a smaller distance from the constriction, which ensures a
minimum volume of defective material.

The examples considered above do not encompass the
entire variety of point contacts with regard to the ratio
between their sizes and coherence lengths. Nevertheless, the
limits of applicability of Andreev spectroscopy are already
quite apparent. First, they are ballistic point contacts of
superconductors with high critical parameters. It is very
difficult to make such point contacts to transit to the normal
state at low temperatures, while, in the superconducting state,
the contributions to the IÿV curve nonlinearity from back-
scattering and nonequilibrium phonon scattering by Andreev
electrons are comparable due to the small coherence length in
such materials. It is almost impossible to separate these
contributions. Also beyond the limits of applicability of the
method are materials with a very small coherence length and
relatively low critical current density, for example, the
aforementioned 2HÿNbSe2, but only if the contact axis is
directed perpendicular to the layers. A stepped structure with
discrete values of the differential resistance is observed on the
current-voltage characteristics for such contacts (see Fig. 1
in [40]). These steps are associated with the advancement of
phase-slip surfaces into the bulk of the superconductor (see
Fig. 2 in Ref. [40]). Since such jumps extend to significant
biases, it is apparently impossible to observe the EPI in this
range. The situation is worse for materials with even shorter
coherence lengths. However, a technique used for niobium
point contacts seems to be applicable to such materials. If a
normal-metal film is deposited on the surface of such
materials, then, when a point contact is created, the constric-
tion will be moved away from the superconductor by a
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sufficiently large distance so that the density of the current
does not exceed the critical value owing to its spreading. In
addition, as the constriction moves away from the super-
conductor, the contribution to the nonlinearity of the IÿV
curve from backscattering rapidly decreases. At the same
time, the contribution to the nonlinearity of the IÿV curve of
the point contact from the deposited film can be disregarded.

The effect of a magnetic field on the Andreev EPI spectra
has been insufficiently studied. We are not aware of such
experiments for ballistic point contacts that fully meet the
requirements of the theory. As for the tantalum-based
ballistic point contact, whose spectra significantly deviate
from the theoretical predictions, a very strong effect of rather
weak (several ten oersteds) magnetic fields (see Fig. 2 in [14])
on the shape of the second derivative of the IÿV curve is
observed. The effect of a magnetic field on the EPI spectra of
type II superconductors was studied in the ErNi2B2C point
contact [37]. A strong effect on the intensity and position of
phonon singularities in the spectra has been found. However,
since, unfortunately, too large a step in varying the magnetic
field was used in the measurements, it is difficult to draw any
quantitative conclusions from the data obtained. Neverthe-
less, a preliminary conclusion can be made that the Andreev
EPI spectra should preferably be studied in the absence of a
magnetic field.

8. Conclusion

1. To reconstruct the EPI function using superconducting
point contacts, the second derivative of the IÿV curve should
be used due to the presence of a superconducting background.

2. For ballistic point contacts created on the basis of
superconductors with a large coherence length (Al, Sn),
there is full agreement with the conclusions of theoretical
studies. In subtracting the superconducting background, it is
necessary to be guided by the sum rule.

3. For ballistic point contacts created on the basis of
superconductors with a smaller coherence length (Ta), there
is significant disagreement with theoretical predictions in the
transition to the superconducting state. This deviation is due
to the nonlinearity of the IÿV curve of point contacts if the
superconducting state is formed not only in a volume of the
order of the contact diameter, as in the previous case, but also
in the near-contact region, whose size is of the order of the
reduced coherence length.

4. For inhomogeneous point contacts, a basic difference
is observed between the second derivatives of the IÿV curve
in the normal and superconducting states. In the normal
state, the singularities associated with phonons are either
absent or sharply weakened in the derivatives. In the
superconducting state, singularities emerge on the second
derivatives of the IÿV curve that enable the EPI functions to
be reconstructed.

5. A variation of the excess current within a sufficiently
wide range insignificantly affects the magnitude of the
superconducting addition to the spectrum; however, if it
decreases below a certain value, the amplitude of the
addition is abruptly suppressed. The functional dependence
of the decrease in the excess current on the bias at the contact
does not coincide in this case with the dependence of the
decrease in the intensity of the addition. The latter always
decreases in a stepwise manner. The sum rule for contacts
with suppressed excess current fails, which requires their
spectra to be adjusted to reconstruct the EPI function.

6. For point contacts with direct conductivity, the super-
conducting elastic addition to the spectrum operates oppo-
sitely to the inelastic one; therefore, the addition whose
contribution prevails is manifested as a result of superposi-
tion. The positions of the phonon peaks in the EPI function
reconstructed based on the elastic addition coincide for
SÿcÿN type point contacts with those in the normal state,
while, for SÿcÿS contacts, it is shifted to the high-energy
region by the value of D.

This study was financially supported by the National
Academy of Sciences of Ukraine under project FTs 4-19.
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