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An anomalous softening of the spectrum of the electron-phonon interaction was observed 
experimentally at point microcontacts between tin single crystals containing twinning planes. 
Observations revealed a reduction (untypical of samples free of twinning planes) in the average 
phonon frequency, which was due to an increase in the relative intensity in the If part of the 
spectrum, an increase in the background component of the spectrum, and retention of its high 
absolute intensity. Estimates of an increase in the superconducting transition temperature ST, for 
a metal layer near a twinning plane gave ST, - T,. 

INTRODUCTION 

It was first pointed out in Ref. 1 that the reason for the 
increase in the superconducting transition temperature T, is 
the presence of twin layers formed as a result of low-tem- 
perature deformation of a superconductor and that the 
phonon spectrum as well as the electron-phonon interaction 
(EPI) constant change the coherent boundaries of such lay- 
ers at distances of the order of several atomic spacings. It was 
suggested in Ref. 2 that a "two-dimensional metal" layer 
exists near a twinning plane and that such a layer has its own 
characteristic two-dimensional group of electrons and a 
phonon branch, where the conditions ensuring an increase in 
T, may be realized. These reports stimulated intensive ex- 
perimental and theoretical investigations of the supercon- 
ductivity of twinning planes and the results of these are sum- 
marized in a review paper of Khlyustikov and B ~ z d i n . ~  

As pointed out r e~en t ly ,~  the critical temperature of the 
onset of the superconductivity of twinning planes can be not 
only higher, but also lower than the corresponding critical 
temperature of the bulk superconductivity, depending on 
the density ofnatural defects in twinning planes. The mecha- 
nism responsible for the change in the critical temperature 
near twinning planes and the actual form of the energy spec- 
tra of quasiparticles (electrons and phonons), as well as the 
form of the EPI spectrum in a thin metal layer adjoining a 
twinning plane are not yet known.3 We carried out an ex- 
perimental study of the EPI near twinning planes by the 
method of point-contact spectroscopy in the normal state5 
and thus obtained information on the EPI in the bulk of the 
metal covering a region with linear dimensions of the order 
of the point-contact diameter which in turn could be made 
comparable with the effective thickness of a twinning plane. 
We assumed that the results obtained could be important in 
checking the hypotheses used in the interpretation of the 
experiments on the superconductivity of twinning planes 
and also for the development of a relevant theory. 

GEOMETRY OF SAMPLES AND EXPERIMENTAL 
PROCEDURE 

We investigated the characteristics of pressure point 
microcontacts of the sliding type (Ref. 5) ," formed in liq- 
uid helium by soft contact of two parallelepiped electrodes 
along their edges (Fig. l a )  and a subsequent displacement of 
one electrode relative to the other in the contact plane (Fig. 

lb) .  This method avoided deformation of a metal, known to 
occur in pressure contacts formed simply by pressing the 
electrodes together. Here we can easily see from Fig. lb that 
when the direction of the mutual displacement of the elec- 
trodes in the plane of their contact lay between the directions 
of the generators of the side surfaces of each of the elec- 
trodes, each pair of electrodes could be used to form, in the 
same cycle, a large number of contacts between new parts of 
the surface of each of the electrodes along the whole length. 

When a system of parallel twinning planes was oriented 
perpendicularly or at some angle relative to the longitudinal 
axis of one of the electrodes (Figs. la and lb) ,  the adopted 
contact-formation method ensured a finite probability of a 
point of emergence of twinning planes on the surface of a 
sample within the contact region (Fig. lc) .  This probability 
was governed both by the distance between twinning planes 
and by the contact diameter, and it could be doubled if iden- 
tical systems of twinning planes reached both electrodes. 
Clearly, when the distance between the twinning planes in 
each of the electrodes was much greater than the contact 
diameter, the probability that each bank formed by an elec- 
trode was simultaneously in contact with twinning planes 
was considerably less than the probability of formation of a 
contact containing just one twinning plane (Fig. lc) .  In this 
experimental setup the anomalies of the characteristics of 
some of the contacts were observed naturally when one of 
the electrodes was in contact with twinning planes. The ex- 
pected number of contacts with twinning planes was gov- 
erned by the total number of consecutively formed contacts 
and by the probability establishing one contact with a twin- 
ning plane. 

Electrode blanks were of 1.5 X 1.5 mm cross-section 
and they were cut by spark machining from a tin single crys- 
tal characterized by R,, ,/R,, ~ 4 .  lo4. Before cutting 
up into electrodes of 10 mm length some of the blanks were 
deformed by stretching at 77 K. This deformation created 
mainly (301) twinning planes oriented at approximately 45' 
to the electrode contact plane (Fig. lc) .  The average dis- 
tance between twinning planes measured with an optical mi- 
croscope was 5 x 10 - '-10 - 4  cm, which was an order of 
magnitude greater than the minimum controlled distance 
along the electrode edges between neighboring contacts, 
which were formed consecutively using a mechanical micro- 
positioning device. The electrodes were not heated above 
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FIG. 1. Experimental geometry: a )  configuration and mutual positions of 
electrodes used to form sliding contacts; b )  electrodes in the contact plane 
(current and potential terminals are shown) and directions of relative 
displacement of electrodes used to form contacts (labeled by arrows and 
symbols); c )  schematic representation of a contact in the form of a circu- 
lar aperture with a thin screen Z cut by a plane perpendicular to a twin- 
ning plane ( d  is the diameter of the aperture, w is the effective thickness of 
a twinning plane, and the dashed circle is the effective volume of the 
phonon generation region in the contact). 

room temperature and in the course of mounting they were 
clamped so that one end was inside a miniature holder to 
which current and potential conductors were soldered. The 
electrode surfaces were electropolished before every cycle of 
measurements. 

The measured characteristics were the contact resis- 
tance in the normal state R, at V = 0 and the voltages repre- 
senting the first and second harmonics of the modulating 
signal V, ( V )  and Vz (V) .  [The dependence 
Vz ( V) cc d V/dI '( V) was called the point-contact spec- 
trum.] The thermal and modulation broadening of the spec- 
tra was avoided by making all measurements at T = 1.6 K 
using a weak modulating signal described later by the initial 
value of the modulating voltage V,,, . The superconductivity 
was destroyed by the application of a static magnetic field. 

The experimental data were treated by transforming 
V, ( V) to ( V) cc d '1 /d VZ( V) and eliminating the back- 
ground (Fig. 2) ,  which yielded the point-contact EPI func- 
tion g,, (w) that differed from the Eliashberg EPI function 
g(w) by the point-contact form factor in the integrand of an 
expression given in Ref. 5. The background was allowed for 
in the traditional manner6 and in accordance with the theo- 
ry.' (In the case of a high background level the numerical 
determination of the latter from the expression given in Ref. 
7 became unstable.) Normalization of the absolute values of 
g,, (w) was carried out in the approximation of a quadratic 
and isotropic dispersion law of electrons, justified for this 
purpose in the case of nontransition metals,' using a model 
of a contact in the form of a clean circular aperture (d<l ,  
where d is the contact diameter and I is the mean free path of 
an electron). In such cases it follows in particular from the 
Sharvin expression that in the case of tin we have 
d = 28R & "' nm if R, is measured in ohms. The measure- 
ment technique and the details of the procedure used to find 
the point-contact EPI function are given in Ref. 18. 

In the course of recording and analysis of the spectra we 
determined the maximum of the voltage representing the 
second harmonic V,,,, , the background parameter y equal 
to the ratio of p2 at the end of the EPI spectrum to its highest 
value within the spectrum, the maximum absolute value of 
the point-contact EPI function g ry ,  the position of the abso- 
lute maximum h ( g z x ) ,  and the ratio of the intensities of 
the If and hf maxima g,, (w) (at energies in the region of 6 
and 15 meV) denoted arbitrarily as A/O, as well as the 

FIG. 2. Point-contact EPI spectra V, ( V) a d  * V / d I z (  V) obtained for 
contacts between undeformed single-crystal electrodes (curves 1 and 5- 
10) and electrodes with twinning planes (curves 11-16), main depen- 
dences determined in the course of reconstruction of the point-contact 
EPI function (curves 2-4 and 17-18), EPI functions (curves 19-22) and 
densities of phonon states (curves 23 and 24): 1 ), 5-6) spectra of contacts 
between unoriented electrodes (with random orientation of the contact 
axis and of principal crystallographic directions of bank electrodes); 7-8) 
contact axis oriented along [ 1001 in both electrodes; 9-10) contact axis 
oriented along [001] in both electrodes; 11-12), 13-14), 15-16) pairs of 
spectra each of which represents two adjacent contacts (with distances 
between the contacts exceeding the separation between twinning planes); 
2 ) ,  17) ~ , ( V ) c c d ' I / d V 2 ( V )  forcurves 1 and 15; 3) ,  15) background6 
for curves 1 and 15; 4) background7 for curve 1; 19), 20) point-contact 
EPI functions reconstructed from spectra 1 and 15, respectively; 21) E- 
liashberg EPI function obtained by the tunnel effect method in Ref. 12; 
23) calculations reported in Ref. 13; 22), 24) curves 21 and 23 replotted 
allowing for the same broadening (horizontal section with cuts) as for 
curves 19 and 20. 

point-contact EPI constant A,  and the average phonon fre- 
quency ( a ) .  It should be stressed that the average phonon 
frequency is independent of the normalization of the EPI 
function and can be determined quite accurately from point- 
contact spectroscopic data. 
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Control experiments on undeformed electrons were 
used to determine the characteristics of contacts both 
between unoriented electrodes with a random orientation of 
the geometric elements and principal crystallographic direc- 
tions and of those in which the axis was oriented along prin- 
cipal crystallographic directions [ 1001 and [001 ] . In the 
case of unoriented electrodes (both deformed and unde- 
formed) the role of the EPI anisotropy effects was revealed 
and allowed for by making several series of measurements. 
In each series one or both electrodes were remounted after 
rotation by 90" about the longitudinal axis of the electrode. 

EXPERIMENTAL RESULTS AND DISCUSSION 

In each series of measurements on deformed electrodes 
the majority of the results formed a typical group which did 
not exhibit any significant changes in the value of (w) or in 
the relative intensities of the maxima g,, (w) from one con- 
tact to another. Typical point-contact EPI functions differed 
only in respect of the maximum absolute intensity, which- 
being calculated using the model of a clean aperture-was 
found to be maximal for the cleanest contack5 One typical 
point-contact spectrum obtained in a different series of mea- 
surements is reproduced in Fig. 2 (curves 12, 14, and 16). 
These curves were selected because they were determined for 
contacts closest to those for which the EPI spectra were 
found to beuntypical (curves 11, 13, 15). [The total number 
of contacts formed by deformed electrodes ( -- 200 pieces) 
bas such that we expected ~4 contacts to have one of the 
electrode banks in the region of a twinning plane. ] The char- 
acteristics of the spectra were collected and listed in Table I. 

A comparison of typical values of (w) belonging to dif- 
ferent series revealed large and fully detectable differences, 
amounting to a few percent. These differences were never- 
theless only at the level of the observed scatter of the values 
of (w) for contacts between unoriented and undeformed 
electrodes and less than the differences between the contacts 
formed by single crystals oriented along the principal crys- 

TABLE I. Characteristics of point-contact spectra shown in Fig. 2. 

tallographic directions (Table I ) .  Therefore, the differences 
between typical data obtained in different series of measure- 
ments could be easily explained by the EPI anisotropy. A 
common feature of the point-contact EPI spectra of tin illus- 
trated in Fig. 2 was the presence of four maxima at 6, 9, 12, 
and 15 mV, as well as "shoulders" or kinks at 4 and 17 mV. 
In the case of the same spectra the selection of different back- 
ground functions in the reconstruction ofg,, (w) had practi- 
cally no effect on the average phonon frequency or on the 
positions of the relative intensities of the maxima of the 
point-contact EPI function (Table I ) .  The arithmetic aver- 
age and the error in the average of the integral values of (0) 
and A,,, obtained using ten g,, (w) functions with a high 
absolute intensity reconstructed from the characteristics of 
contacts between unoriented electrodes, amounted to 
(w) = 9.52 + 0.01 meV and /2,, = 0.79 + 0.01 (0.63 if an 
allowance was made for the background in accordance with 
Ref. 7) .  

The most important difference between the recorded 
untypical point-contact spectra, reflecting in our opinion the 
influence of twinning planes, was a strong softening of the 
EPI spectrum of a contact (Fig. 2) ,  which could be de- 
scribed qualitatively by the value of the average phonon fre- 
quency, which was much less than for all the other point- 
contact EPI spectra of tin. There was a considerable increase 
in the relative intensity of the If part of the spectrum, but the 
shift of the positions of the maxima in the spectrum toward 
lower energies was slight. No new modes were found in the 
anomalous point-contact EPI spectra. 

Another distinguishing feature of untypical point-con- 
tact spectra was a considerable increase of the background 
level (as demonstrated clearly by pairwise comparison of 
curves 11-12,13-14, and 15-16 in Fig. 2) ,  but the high abso- 
lute intensity was still retained (Table I ) .  

It is known7 that the background component of point- 
contact spectra is due to reabsorption of nonequilibrium 
phonons by electrons in a contact. In the case of dirty con- 

*Values obtained with allowance for the background according to Ref. 7. 
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tacts such a reabsorption is enhanced because the escape of 
phonons from the contact region is hindered.9 Usually con- 
tamination shortens the mean free path of electrons, which 
reduces the intensity in the point-contact s p e ~ t r u m . ~  Such 
EPI spectra of tin were found to be characterized not only by 
a low intensity (with the value of the constant A,, , calculat- 
ed using the model of a clean apertu?e, several times less than 
A y3""" ), but also by an excess current in the superconduct- 
ing state which differed little from that predicted by the the- 
ory of Ref. 10 in the dirty limit.2' A quantitative analysis 
failed to reveal any significant deviations of ( o )  from the 
average value for clean contacts or any anomalous ratio of 
the intensities of the maxima of g,, (w) 

The high intensity in the point-contact spectra in the 
presence of a strong background is the property expected of a 
contact with an inhomogeneous distribution of scatterers 
(defects) concentrated at the periphery of the region where 
the electric current is c~ncentrated.~ If structure defects are 
extended (twinning planes, grain boundaries, dislocations), 
they differ in respect of the strength of the scattering of elec- 
trons and phonons. Extended defects scatter strongly long- 
wavelength phonons and return them to the center of the 
region where the electric current is concentrated, which fa- 
cilitates reabsorption of phonons by conduction electrons. 

In the case of point contacts of typical dimensions 
(amounting to hundreds of angstroms) the presence of ex- 
tended defects can hardly have any significant role. The ma- 
jority of phonons generated by electrons when the bias vol- 
tage applied to a contact is of the order of the Debye energy 
have a wavelength of the order of the lattice constant and are 
therefore scattered by defects in the same way as electrons. A 
strong background in a high-intensity point-contact spec- 
trum may then be due to point defects (or impurities) con- 
centrated at the contact periphery. Such defects scatter 
strongly hf phonons and return them to the center of the 
contact resulting in an almost complete reabsorption of 
these phonons by electrons. However, the scattering of con- 
duction electrons by these defects does not affect the intensi- 
ty of the point-contact spectrum because of the positions of 
these defects at the contact periphery where the current den- 
sity is low and where the electrical potential reaches a value 
close to that well inside the electrode. However, even this 
explanation fails to account for the experimental results re- 
ported above, because we should then observe conventional 
point-contact EPI spectra representing an unperturbed pure 
metal. 

It seems most likely that the high background level to- 
gether with the high density in our point-contact spectra and 
the anomalously low values of (w) are due to reabsorption of 
phonons located within twinning planes (Fig. lc)  and repre- 
sents one of the proofs of their existence. The group velocity 
of such phonons is low and the "center of gravity" of the 
density of states is shifted toward lower frequencies.' In 
principle, the background component of the spectrum may 
include also a contribution from the scattering of conduction 
electrons by electrons localized near twinning planes. The 
existence of such localized states is discussed by Khlyusti- 
kov and Buzdin in their re vie^.^ 

The point-contact EPI function represented by curve 
19 in Fig. 2 (reconstructed from the spectrum represented 
by curve 1, typical of a contact between unoriented elec- 
trodes) should-according to Ref. 1 1--describe satisfacto- 

940 Sov. Phys. JETP 71 (5), November 1990 

rily the EPI in a polycrystalline metal and is in good agree- 
ment with the isotropic ~ l i a s h b e r ~  EPI function (curve 21 in 
Fig. 2).  Therefore, in the case of tin the distorting influence 
of the point-contact form factor on the relative intensities of 
the maxima of the EPI function can be regarded as negligi- 
ble. The energy dependence of the EPI matrix element is also 
unimportant in the case of tin and the density of the phonon 
states F(w) in Fig. 2 [and other reliable graphs of F ( o )  
reported in Ref. 51 exhibits-like the EPI functions repre- 
sented by curves 19 and 21 in Fig. 2-a high-intensity hf 
peak. 

An anomalous ratio of the intensities of the maxima of 
g,, ( a ) ,  represented by curve 20 in Fig. 2 (obtained from an 
untypical spectrum) when the If maximum becomes the 
principal one, cannot be explained by deviation of the con- 
tact properties from the clean aperture model. Thus, the re- 
sults of calculations of point-contact EPI functions in zincI4 
carried out using a model of a contact in the form of a long 
channel revealed a clearer (compared with the circular aper- 
ture model) structure of the hf singularities of g,, (w) and a 
lower intensity of the If peak. 

A considerable reduction in the value of (0) and the 
relative intensities of the maxima of the EPI function, simi- 
lar to those observed for g,, (w) (curve 20 in Fig. 2), were 
established earlier by the tunnel effect method for amor- 
pho~s'5, '6 and granulated" thin films. Nevertheless, ran- 
dom amorphization of a metal at a point contact could not 
account for untypical EPI spectra, because it would have 
resulted in a strong scattering of electrons in a contact and, 
consequently, in a reduction of the intensity in the spectrum. 
In the opposite case the effects due to the amorphous state of 
a metal in a contact would have been detected by control 
experiments on undeformed electrodes. Moreover, amor- 
phization is shown (see, for example, Ref. 16) to broaden 
the bands in the EPI spectra, which was not observed in the 
case of the anomalous point-contact spectra recorded by us 
(curves 11, 13, and 15 in Fig. 2). 

The discrepancy between the values of A, obtained for 
different contacts and different background functions (Ta- 
ble I )  were somewhat higher than the scatter of the tunnel 
data reported by different authors (Table 11). However, the 
value of A, ,T, = 0.76 found from (w) given above using 
the McMillan equation (p* = 0.13 for T, = 3.72 K-see 
Ref. 15) was in good agreement with the known values of A 
(Table 11) and was more reliable. 

The change in the critical superconducting transition 
temperature ST, in a narrow layer of a metal near a twinning 
plane with an effective thickness w- lOa (a  is the interato- 
mic spacing) was undoubtedly of interest. We assumed that 
the anomalous behavior of some of the EPI spectra of con- 

TABLE 11. Integral characteristics of the 
electron phonon interaction obtained by 
the tunnel effect method. 

Ref, I (a), mev 1 I 

12 
18 
16 0,70 
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tacts between deformed tin electrodes was due to the fact 
that a twinning plane was within the contact region and we 
estimated 6Tc to the nearest order of magnitude using the 
McMillan equation. We first determined the value of A,, T, 
for T, = 3.72 K andp* = 0.13 using the values of (a) for an 
untypical EPI spectrum. (The use of T, for bulk tin trans- 
formed this operation into an estimate of the lower width to 
A,, T,.) Then, we should allow for the fact that in the d R w 
case a twinning plane could occupy between one-half and 
one-quarter of the effective volume of the phonon generation 
region R-d associated with the electrode bank containing 
a twinning plane (Fig. lc) .  In the rest of the region R we 
assumed that the EPI constant was A,, , T, (exactly as in 
the case of a contact without a twinning plane) and that the 
contributions of the various parts of R was additive, which 
allowed us to determine more accurately the EPI constant in 
a layer of thickness w. Finally, using once again the same 
values of (a) andp* as before, we found that ST, - T,. This 
value of ST, was in good agreement with the results of mea- 
surements made on samples composed of a fine-grained de- 
formed tin powder with a particle size less than the coher- 
ence length,3 when the proximity effect was suppressed. In 
the light of the data of Ref. 4, it would be of interest to inves- 
tigate further the EPI in deformed tin using samples with 
different angles at the vertices of twinning wedges and also 
near dislocations. 

The authors are greateful to Yu. V. Sharvin for valuable 
discussions of their results. 
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