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The scattering of electrons in metals by quasilocal vibration modes of linear defects excited by increase in
temperature results in. a characteristic temperature dependence of the dislocation-induced electrical
resistivity p;(T). This dependence p,(T) is in the form of a step, whose relative height depends on the
density of dislocation-pinning points. If the free segment of a dislocation is limited in length to about 30
atomic distances by adding impurities to the base metal, the rise of p,(T) is suppressed.

PACS numbers: 72.10.Fk, 72.15.Qm

The dislocation-induced electrical resistivity p; of a
number of metals (Cu, Ag, Au, Al, Zn, and Mo) rises
very rapidly with increase in temperature in a narrow
range of the latter.[?™3) In some cases the cross sec-
tion for the scattering of electrons by dislocations in-
creases by a factor exceeding 2.t%+2]

If the dependence Pa(T) is represented by the dimen-
sionless curve 7(T) =[p,(T) - p,(0)}/p,(0), it is found
that pure fcc metals are characterized by 7, < 2 and
the dependences p,(T') have a step whose height is a
function of the density of the dislocation-pinning points.
Such points can be dislocation line modes or impurity
atoms. For example, in the case of copper samples of
a given degree of purity and with the same dislocation
density the step increases when dislocation lines have
a certain preferred orientation.’?? The addition of dis-
location-pinning impurities to dislocations increases
very greatly the height of the step.m
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The value of 7., can be altered by changing the num-
ber of pinning points. Foreign atoms present in a low
concentration in a homogeneous alloy form a relatively
regular sublattice with which dislocations interact. At
a low dislocation density the length of a dislocation seg-
ment free of pinning points L, is governed by the dis-
tance between the impurity atoms. However, at higher
dislocation densities we can expect more frequent
intersections (nodes).

Our aim was to determine the influence of dislocation
pinning on the temperature dependence of the electrical
resistivity p,. Since it was of interest to find the con-
ditions for complete suppression of the rise of p,(T),
similar to that observed by the author earlier,®? the
impurity concentration in some of the alloys was se-
lected to be ¢~ 0.1 at.%. An important feature of the
investigation was the determination of p,(T) for alloys
with different ratios of the masses of the impurity and
host (matrix) metal atoms.
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EXPERIMENT

Aluminum-base alloy ingots were prepared by melt-
ing together Ag and Mg with Al of the A999 grade, con-
taining less than 0.001 wt.% of impurities. The ratio
of the room- and helium-temperature resistances of
pure aluminum ¥ =R(293 °K)/R (4.2 °K) was 6000. The
charges were placed in an Alundum crucible. They
were heated in an argon atmosphere by induction cur-
rents. The melt was kept for about an hour in the
crucible.

Alloys of copper with c=0.1 at.% Pt or Al were pre-
pared from copper of the specially pure grade ¥=200)
containing 0.005 wt.% of impurities. Appropriate
amounts of Cu and Pt or Al were melted together in
7 X107 Torr vacuum in a graphite crucible and the
melt was mixed for a few hours by a graphite paddle.
An alloy of Cu with 0.01 at. % Pt was prepared from
high-purity copper (y=3000) containing less than
0.001 wt. % of impurities.

The ingots were rolled down to a foil which was
0.5 mm thick. Next, pieces of the Al alloy foils were
annealed in 1X10°® Torr vacuum for an hour at 550 °C
and pieces of the Cu alloy foils were annealed in the
same vacuum for an hour at 800°C. Such annealing re-
sulted in complete recrystallization of the foils. The
size of the resultant flat grains was usually greater
than 1 mm.

Annealed foils were deformed to various degrees and
this was done mainly by rolling or—in the case of
small strains--by stretching; next, samples used in the
measurements were cut from the foil.

The samples were rectangular polycrystalline plates,
90 mm long and of (3—4) X (0.1-0.5)mm cross section;
they were kept at room temperature for 24 hours be-
fore the measurements in order to remove the vacan-
cies formed in the course of deformation. After
measurements the samples and standards were annealed
under the conditions described above for an hour.

The electric resistivity was measured by the poten-
tiometric method. The distance between the potential
contacts was 40 mm.

The value of p,(T) was found from

[_RD) _ R.D o
o =| Fame Rl PE0 - @

where R and R,, are the resistances of the sample and
standard, respectively; p(273 °K) is the electrical resis-
tivity of the alloy; R*(273 °K) is the resistance of the
sample annealed after measurements in such a way as
to complete recrystallization.

The resistivities of the annealed alloys and their
compositions are listed in Table I, The values of
p(273 °K) of the aluminum alloys were taken from the
paper by Seth and Woods.™! The resistivity p(273 °K)
of the copper alloys was measured with a relative er-
ror of less than 2%. The error in p(273 °K) was elim-
inated by the use of the dimensionless dependence »(7T).

In Eq. (1) the result of the division of p(273 °K) by the
corresponding resistance R*(273 °K) of the sample or
R, (273 °K) of the standard is the factor which allows
for the geometric dimensions. A reduction in the di-
mensions of a sample as a result of cooling gave rise
to an error in the determination of p,(T) below 78 °K
amounting to less than 0.5% of p, ,,,. Therefore, no
correction was made to allow for the contraction of the
sample at low temperatures.

In each experiment a thermostat contained six
samples of which two or three acted as standards. The
error in the determination of p,,(T) was estimated by
comparing the temperature dependences of the resis-
tivity of various standards. Near 273 K this error was
less than 10% of p, ,,, for samples with a low disloca-
tion density and less than 5% of p, .., for the other
samples. Below 78 K the error in p,(T) was less than
2% of p; maxe

The results of our determinations of p,(T) are pre-
sented in Figs. 1-6.

Alloy of copper with 0.17 at.% Al (Fig. 1). The
temperature interval of the main change in p,(T) is the
same for all the seven investigated samples of this
alloy. The height of the step ., also does not vary
greatly. However, an increase in the degree of defor-
mation causes the dislocation density to rise from
about 1X 10! to 3 X10" cm™ and p,(4.2 °K) changes from
0.8 to 30% of p(4.2 K) found for the undeformed alloy.

Alloys of copper with Pt (Fig.2). Even very low con-
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TABLE 1.
Alloy composition £, 10° Q. cm* | Alloy composition », 1000 . cm*
Impurity, |
Base metal] at% ~ l273°k{ 4.2°K [Base me!al( Impurity, at.% | 213°K 42°K

Al 0048 Ag | 2.49 0.055 Cu 0.11 't+0.023 Rh | 1,97 0.41
» 005 Mg (245 0.02 » 0.01 Pt 1.582 0.0315
» 0.08 Mg | 2466 | 0.0325 » 047 Al 4,755 0.205
» 0.29 Mg 12,557 1 0.112 Cu 0S4 0.005 wt.% 1.56 0.0078

*The value of p of the undeformed alloys is given.
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FIG. 1. Dependences p,(T) for the alloy of Cu with 0.17 at.%
Al. The degree of deformation is as follows: 1) 8%, 2) 12% by
stretching; 3) 18%, 4) 20%, 5) 35%, 6) 65%, 7) 90% by rolling.
Value of 7,4 1) 0.35; 2) 0.35; 3) 0.24; 4) 0.25; 5) 0.24; 6)
0.245; 7) 0.23 (the numbers of the curves correspond to the
numbers of the samples of a given alloy).
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FIG. 2. Dependences p,(T) for the alloy of Cu with 0.01 at.%
Pt. Degree of deformation by rolling: 1) 17%; 2) 23%; 3) 35%;
4) 40%. Value of Ymax® 1) 0.45; 2) 0.435; 3) 0.433; 4) 0.434.

centrations of Pt are sufficient for a considerable re-
duction in the height of the step. In the presence of
0.01 at.% Pt the step 7., is half that for copper
samples of “specially pure” grade (Fig. 3) in which the
impurity content is only slightly less (by a factor of 2
or 3). This strong influence of a small amount of Pt
on 7,,, is evident also if we compare 7, of this alloy
with the height of the step observed for stretching-
deformed samples of purer (y=1900) polycrystalline
copper!! for which »_, ~1.

We also determined p,(T) for alloys of copper with
0.11% Pt and 0.23% Rh; in this case the rise of p,(T) is
completely suppressed.

Alloy of alluminum with0.048 at.% Ag (Fig. 4). In
contrast to the copper-base alloys, the temperature
interval of the main change in p,(7) of the aluminum
alloy increases considerably when the dislocation
density is just doubled (see Footnote 1). The height of
the step depends on the degree of deformation of a
sample. For example, it is twice as high for sample
No. 4 than for the weakly deformed sample No. 1
(curves 4 and 1).

A comparison of 7, for pure Al and the alloy of Al
with 0.048% Ag, both deformed to approximately the
same degree, shows that, in spite of the difference in
p,(4.2 °K), an addition of 0.048% Ag to Al reduces
strongly (by a factor of 5 or 6) the height of the step
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FIG. 3. Dependences p;(T) of “specially pure” copper. Degree
of deformation by rolling: 1) 7%; 2) 14%; 3) 17%; 4) 28%. Val-
ue of rpnt 1) 0.95; 2) 0.9; 3) 0.82; 4) 0.8.
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FIG. 4. Dependences p;(T) for the éiloy of Al with 6.048 at.%
Ag. Degree of deformation by rolling: 1) 35%; 2) 50%; 3) 70%;
4) 60%. Value of 7,5 1) 0.29; 2) 0.2; 3) 0.275; 4) 0.63.

(compare Fig. 1 in the author’ s earlier paper™’ and
Fig. 4 in the present paper). -

An increase in the degree of deformation & of the
samples of the Alloy Al with Ag results, as in the case
of pure Al, in an initial rise of the dislocation density
but at high values of 6 there is a reduction in this den-
sity because of extensive regrouping of dislocations (in
the course of deformation) in narrow cell walls whose
structure resembles that of low-angle boundaries with
a moderately well ordered distribution of dislocations. [8]
The interaction of dislocations with one another in such
structures results in straightening of dislocation lines
and, consequently, is the cause of the reduction in the
number of Ag atoms in dislocation cores, especially as
the attraction between Ag atoms and dislocations is
weak since the atomic dimension of Al and Ag are
almost identical.

Alloys of aluminum with Mg (Figs. 5 and 6). All the
investigated Al alloys and particularly those with Mg
are characterized by some reduction in p,(T) on in-
crease of temperature in the low-temperature range.
In contrast to the rise of p;(T) at higher temperatures,
this “negative” deviation from the Matthiessen rule is
observed in the presence of dislocations only for some
of the alloys: for example, it is not exhibited by the
alloy of Cu with Al. The investigated alloys of Al with
Mg containing 0.05 and 0.08 at.% Mg have similar de-
pendences p,(T) after moderate deformation (curve 1 in
Fig. 5). The dislocation-induced rise of the resistivity
is comparable in magnitude with the reduction in p,(T)
at low temperatures.

The step is clearly visible only in the case of samples
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FIG. 5. Dependences p,(T) for the alloy of Al with 0.08 at.%
Mg. Degree of deformation by rolling: 1) 35%; 2) 95%. Value
of 7max is 0.11 for curve 2.
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FIG. 6. Dependences p,(T) for the alloy of Al with 0.29 at. %
Mg. Degree of deformation by rolling: 1) 35%; 2) 50%; 3) -
95%. Value of 7, is 0.06 for curve 3.

with a high dislocation density. The height of the step
is always small. The presence of 0.29 at.% Mg is suf-
ficient to suppress the rise of p,(T)—see Fig. 6. Only
the strongly deformed sample No. 3 exhibits, above
30 °K, arising part of the curve characterized by

7 max~ 0.06.

DISCUSSION

It follows from our results that there is a consider-
able change in 7,,, which is not associated with the
usual mechanisms responsible for the deviation from
the Matthiessen rule, i.e., it cannot be explained by the
influence of nonadditivity of the scattering by centers of
different nature, but is due to the action of impurities
on the type of scattering caused by dislocations them-
selves.

The variable parameters in our experiments are the
impurity concentration, dislocation density (degree of
deformation), and the ratio of the atomic masses of the
host metal and impurity. The dimensions of impurity
atoms are in all cases, with the exception of the alloy
of Al with Ag, considerably greater than the dimensions
of the atoms of the host lattice, which ensures that the
interaction of impurities with dislocations is strong.

A common feature of all the experimental results is
that a reduction in the average length of a dislocation

segment free of pinning points reduces 7,,.

At T<300 °K in Al and particularly in Cu we can ig-
nore the diffusion of atoms. Some changes in the im-
purity positions in the dislocation cores are possible.?
However, we shall estimate L; on the assumption that
there is no significant redistribution of impurities after
formation of dislocations.

The determination of the concentration of a homoge-
neous solid solution shows that the average distance
between impurity atoms in the bulk, on a selected plane,
or along some line is proportional to 1/c*/3,1/¢¥/2, and
1/c, respectively. In plastically deformed fcc metals
we can expect dislocations in {111} planes. If their
attraction to impurities is strong, we can estimate L;
from L;~a/c* 2, where a is the atomic size, or from
L,~a/c, if the interaction of dislocations with impuri-
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ties can be ignored. Moreover, we can expect nodes
(dislocation interactions) along dislocation lines and the
density of these nodes is proportional to 1/N'/2, where
N is the dislocation density. The influence of the con-
centration of sites on 7, is strong® but in the case of
weakly deformed alloys with ¢ 0.1 at. % it is sufficient
to allow only for the presence of impurities.

The absence of a step in the dependences p,(T) is
observed for the alloys of Cu with 0.11 at.% Pt and
0.023 at.% Rh and also, after relatively weak deforma-
tion (curve 2 in Fig. 6) of the alloy of Al containing
0.29 at.% Mg. Hence, the estimate of L; corresponding
to the absence of a step gives L, =a/c/?~ (20-30)a.

The influence of the mass of the dissolved impurity
atoms can be established conveniently by comparing the
temperature dependences p,(T) of the alloys of Cu with
Al or Pt. The metallic radii of Al and Pt, which are
1.43 and 1.38.&, respectively, are greater than the Cu
radius (1.28 A), i.e., both impurities attract disloca-
tions strongly. In fact, in the case of the alloy of Cu
with Al and also in the case of the alloy of Cu with just
0.01 at.% Pt the value of 7max 1S Practically independent
of the degree of deformation. Nevertheless, it is quite
clear that a higher concentration of Al than of Pt is
necessary to ensure a comparable reduction in 7,,.

In the case of the alloy of Al with Ag a strong reduc-
tion in the step height compared with pure A1®! can
again be achieved by adding even a small amount of the
impurity, particularly if we bear in mind that the
features of the interaction between the Ag atoms and
dislocations in Al make the length of a free dislocation
segment much greater than in the other investigated
alloys so that in this case it is preferable to use the
estimate L,~ a/c.

The results obtained suggest that the investigated
effect clearly depends on the difference between the
atomic masses of the impurity and the host, but this
requires further experimental studies of a large number
of alloys with different ratios of the masses of the im-
purity and host metal atoms. The existence of a rela-
tionship between 7,,, and the mass of the atoms which
pin dislocations would be regarded as confirmation that
the mechanism responsible for the rise of p,(T) is
associated with the excitation of vibrations in disloca-
tion cores.

The possibility of existence of additional branches of
the vibration spectrum, localized near linear defects,
has been considered theoretically.[*°~22! Heavy impuri-
ties in dislocation cores may alter considerably the law
of dispersion of local and quasilocal vibrations of a
linear defect.¥

The low-temperature parts of the dependences 7(T)
(for the majority of samples this means below 6070 °K)
can be approximated quite satisfactorily by the simple
dependence

r(T)cc 4e=*, 2)

where A is a constant factor and % is the Boltzmann
constant. Even in those cases when the curves are
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FIG. 7. Dependences of In 7(T) on T-! for: a) Al+0.048
at.% Ag; b) Cu+0.17 at.% Al. In Fig. 7a we have »*(T)
= [p(T) = Py minl/ Pamine The numbers alongside the curves give
the numbers of the samples of the alloys (compare with Figs.
4 and 1),

slightly distorted and do not have an abrupt step, Eq.
(2) describes the rise of #(T) from the minimum to al-
most the point of transition to a plateau (case a in

Fig. 7).

The energy € calculated from Eq. (2) is within the
range (0.7-1.2) X102 eV for the various Cu alloys
and it amounts to (1.3-1.7) X102 eV for the Al alloys.
In the case of samples with different dislocation struc-
tures the value of € varies somewhat and clearly the
alloys are characterized by higher values of € than the
weakly deformed pure metals. 23

Our experiments give information mainly on the scat-
tering by high-frequency vibrations. Clearly, the ex-
perimental results give some particular value of €
governed by the position of the maximum of the spectral
density of phonons in the short-wavelength region. In
this case the value of € is determined by the character-
istic frequency w of the quasilocal vibration modes of
dislocations. The temperature position of the step
suggests that the characteristic frequency of these
vibrations should be between 2 and 3 times less than the

Debye frequency.

The results of our measurements show that if L, is
less than 30 lattice periods, achieved in our experi-
ments by the addition of Mg to aluminum or of Pt and
Rh to copper, the characteristic dislocation scattering
channel is then suppressed.

DEstimates are made on the basis of the value of pg(4.2°K). In
the case of copper we find that p;(4.2 °K)/N~ 1.8 x10~1% @ -cm?
(Ref. 5) and in the case of aluminum it is p;(4.2°K)/N~ 1.8
x1071? @ -cm® (Ref. 6) (N is the dislocation density). The
presence of impurities should not alter significantly the val-
ue of this ratio.!”
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The static solutions of the nonlinear differential equation describing the current distribution in a Josephson
barrier of finite width are studied. All the possible types of distributions are described, and the stability
of the obtained solutions is investigated. It is shown that the solutions corresponding to the presence of
excited vortex states in junction with a transport current are unstable and, therefore, cannot be realized
under ordinary conditions. Examples are given of self-oscillating solutions, which arise in a junction with a
current whose strength exceeds the critical value. The dependence of the period of the self-oscillations on
the parameters of the problem has been determined with the aid of a computer.

PACS numbers: 74.50. +r

1. The problem of the nature of the passage of a cur-
rent through a Josephson barrier of finite width in the
absence of an external (current-unrelated) magnetic
field was considered earlier by Owen and Scalapino, (!
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who, by numerically integrating the corresponding non-
linear differential equation, found, in particular, that
in a wide barrier the transport current is largely con-
centrated near the barrier edges and does not penetrate
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