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Inelastic scattering of electrons by dislocations in copper- 
and aluminum-base alloys 
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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 pd(T). This dependence pd(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 pd(T) is suppressed. 

PACS numbers: 72.10.Fk, 72.15.Qm 

The dislocation-induced e lec t r ica l  resis t ivi ty  p, of a 
number of meta l s  (Cu, Ag, Au, Al, Zn, and Mo) r i s e s  
very rapidly with increase  in t empera ture  in a nar row 
range of the In s o m e  cases the cross sec- 
tion f o r  the  sca t te r ing  of e lec t rons  by dislocations in- 
c r e a s e s  by a fac tor  exceeding 2.L1*21 

If the  dependence p,(T) i s  represented b y  t h e  dimen- 
s ionless  curve r (T)  = [p,(T) - p d ( ~ ) ] / p d ( ~ ) ,  it is found 
that pure  fcc meta l s  are character ized by r,,s 2 and 
the dependences p,(T) have a s tep  whose height i s  a 
function of the  density of the dislocation-pinning points. 
Such points can be  dislocation l ine modes or impurity 
atoms. For example, in the c a s e  of copper samples  of 
a given degree  of purity and with the s a m e  dislocation 
density the  s tep  i n c r e a s e s  when dislocation l ines  have 
a certain p r e f e r r e d  ~ r i e n t a t i o n . ~ ]  The addition of dis-  
location-pinning impuri t ies  to dislocations increases  
very  great ly the height of the step.13' 

The value of r,, can be a l te red  by  changing t h e  num- 
ber of pinning points. Foreign a toms  p r e s e n t  in a low 
concentration i n  a homogeneous alloy f o r m  a relatively 
regu la r  sublat t ice  with which dislocations interact.  At  
a low dislocation density t h e  length of a dislocation seg-  
ment  f r e e  of pinning points Lf is governed by the dis-  
tance between t h e  impuri ty  atoms.  However, at higher 
dislocation dens i t i es  we can expect more frequent 
intersect ions (nodes). 

Our  a im w a s  to de te rmine  the influence of dislocation 
pinning o n  the tempera ture  dependence of the electr ical  
resis t ivi ty  p,. Since i t  was  of in te res t  to find the con- 
ditions f o r  complete  suppression of the r i s e  of p,(T), 
s i m i l a r  to that  observed by the  author earlier,13] the 
impuri ty  concentration i n  s o m e  of the alloys was se- 
lected to b e  c - 0.1 at. %. An important  feature of the 
investigation w a s  the determinat ion of p,(T) f o r  alloys 
with different ra t ios  of t h e  m a s s e s  of the  impurity and 
host  (matr ix)  metal  a toms.  
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EXPERIMENT 

Aluminum-base alloy ingots were prepared by melt- 
ing together Ag and Mg with A1 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 y =R(293 "K)/R (4.2 OK) 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 ca!O.l at% P t  o r  A1 were pre- 
pared from copper of the specially pure grade ya200)  
containing 0.005 wt. % of impurities. Appropriate 
amounts of Cu and Pt or  A1 were melted together in 
7 x lo-' 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 A1 alloy foils were 
annealed in 1 x Torr vacuum for an hour at 550 OC 
and pieces of the Cu alloy foils were annealed in the 
same vacuum for an hour a t  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, 
90mm 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 pd(T) was found from 

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) i s  the resistance of the 
sample annealed after measurements in such a way as 
to complete recrystallization. 

TABLE I. 
P ,  n . cm* 

*The value of p of the undeformed alloys is  given. 
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The resistivities of the annealed alloys and their 
compositions a re  listed in Table I. The values of 
p(273 "K) of the aluminum alloys were taken from the 
paper by Seth and ~ o o c l s . ~ ~ '  The resistivity p(273 "K) 
of the copper alloys was measured with a relative er-  
ror  of less  than 2%. The e r r o r  in p(273 "K) was elim- 
inated by the use of the dimensionless dependence r ( T ) .  

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 OK) of the standard i s  the factor which allows 
for the geometric dimensions. A reduction in the di- 
mensions of a sample as a result of cooling gave r ise  
to an e r r o r  in the determination of pd(T)  below 78 "K 
amounting to less  than 0.5% of pd ,,. Therefore, no 
correction was made to allow for the contraction of the 
sample a t  low temperatures. 

In each experiment a thermostat contained six 
samples of which two or  three acted as standards. The 
error  in the determination of pd(T) was estimated by 
comparing the temperature dependences of the resis-  
tivity of various standards. Near 273 'K this e r ro r  was 
less  than 10% of pd ,, for samples with a low disloca- 
tion density and less  than 5% of p,,, for the other 
samples. Below 78 5(: the e r r o r  in pd(T) was less  than 
2% of Pd ,,a 

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

Alloy of copper with 0.17 at.% A1 (Fig. 1).  The 
temperature interval of the main change in pd(T)  i s  the 
same for all the seven investigated samples of this 
alloy. The height of the step r,, also does not vary 
greatly. However, an increase in the degree of defor- 
mation causes the dislocation density to rise1' from 
about 1 x l p O  to 3 x 1Ol1 ern" and ~ ~ ( 4 . 2  %) 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- 

FIG. 1.  Dependences p , (T )  for the alloy of Cu with 0.17 at.% 
Al. The degree of deformation is  as  follows: 1) 88 ,  2) 12% by 
stretching; 3) 18%, 4) 208, 5) 35%, 6) 65%. 7) 90% by rolling. 
Value of r,,: 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 d ( 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 Y,,: 1) 0.45; 2 )  0.435; 3 )  0.433; 4 )  0.434. 

centrations of Pt  a re  sufficient for a considerable re- 
duction in the height of the step. In the presence of 
0.01 at.% Pt the step r,, i s  half that for copper 
samples of "specially pure" grade (Fig. 3) in which the 
impurity content i s  only slightly less  (by a factor of 2 
or 3). This strong influence of a small amount of P t  
on r,, i s  evident also if we compare r,, of this alloy 
with the height of the step observed for stretching- 
deformed samples of purer (y = 1900) poly crystalline 
copperC2] for which r,,=l. 

We also determined pd(T) for alloys of copper with 
0.11% Pt and 0.23% 70; in this case the r ise  of pd(T) is 
completely suppressed. 

Alloy of allurninurn with 0.048 a t  % Ag (Fig. 4). In 
contrast to the copper-base alloys, the temperature 
interval of the main change in pd(T) 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 i s  twice a s  high for sample 
No. 4 than for the weakly deformed sample No. 1 
(curves 4 and 1). 

A comparison of r,, for pure A1 and the alloy of A1 
with 0.048%Ag, both deformed to approximately the 
same degree, shows that, in spite of the difference in 
~ ~ ( 4 . 2  OK), an addition of 0.048% Ag to A1 reduces 
strongly (by a factor of 5 o r  6) the height of the step 

I I I 1 I 

0 50 100 150 200 250 
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FIG. 4 .  Dependences p,(T) for the alloy of A1 with 6.048 at.% 
Ag. Degree of deformation by rolling: 1 )  35%; 2 )  5 a ;  3 )  7 a ;  
4 )  6% Value of r,,: 1)  0.29; 2 )  0.2; 3 )  0.275; 4 )  0.63. 

(compare Fig. 1 in the author's earl ier  paperc31 and 
Fig. 4 in the present paper). 

An increase in the degree of deformation 6 of the 
samples of the Alloy A1 with Ag results, a s  in the case 
of pure Al, in an initial r i se  of the dislocation density 
but at high values of 6 there i s  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 distributionof dislocations.[81 
The interaction of dislocations with one another in such 
structures results  in straightening of dislocation lines 
and, consequently, i s  the cause of the reduction in the 
number of Ag atoms in dislocation cores, especially a s  
the attraction between Ag atoms and dislocations is  
weak since the atomic dimension of A1 and Ag a r e  
almost identical. 

Alloys of aluminum with Mg (Figs. 5 and 6). All the 
investigated A1 alloys and particularly those with Mg 
a re  characterized by some reduction in pd(T) on in- 
crease of temperature in the low-temperature range. 
In contrast to  the r i se  of pd(T) a t  higher temperatures, 
this "negative" deviation from the Matthiessen rule i s  
observed in the presence of dislocations only for some 
of the alloys: for example, it i s  not exhibited by the 
alloy of Cu with Al. The investigated alloys of A1 with 
Mg containing 0.05 and 0.08 at. % Mg have similar de- 
pendences pd(T) after moderate deformation (curve 1 in 
Fig. 5). The dislocation-induced r i se  of the resistivity 
i s  comparable in magnitude with the reduction in pd(T) 
at low temperatures. 

The step i s  clearly visible only in the case of samples 

FIG. 3 .  Dependences pd(T)  of "specially pure" copper. Degree 
of deformation by rolling: 1) 7%; 2 )  14%; 3) 17%; 4) 28%. Val- 
ue of r,,: 1 )  0.95; 2 )  0.9; 3 )  0.82; 4 )  0 .8 .  

4 
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FIG. 5 .  Dependences pd(T)  for the alloy of A1 with 0.08 at.% 
Mg. Degree of deformation by rolling: 1 )  35%; 2 )  95%. Value 
of Y,, is 0.11 for curve 2 .  
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FIG. 6. Dependences pd(T) for the alloy of A1 with 0.29 at. % 
Mg. Degree of deformation by rolling: 1) 35%; 2) 50%; 3) 
95%. Value of r,, 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 i s  suf - 
ficient to suppress the r i se  of pd(T)-see Fig. 6. Only 
the strongly deformed sample No. 3 exhibits, above 
30 '%, a rising part  of the curve characterized by 
Y,,= 0.06. 

DISCUSSION 

It follows from our results that there is a consider- 
able change in Y,, 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 i s  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 a re  in all cases, with the exception of the alloy 
of A1 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 i s  
that a reduction in the average length of a dislocation 
segment f ree  of pinning points reduces Y,,. 

At T s 300 "K in A1 and particularly in Cu we can ig- 
nore the diffusion of atoms. Some changes in the im- 
purity positions in the dislocation cores a re  possible.Cgl 
However, we shall estimate Lf 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 i s  proportional to l/c1I3, l / ~ " ~ ,  and 
l/c,  respectively. In plastically deformed fcc metals 
we can expect dislocations in (111) planes. If their 
attraction to impurities i s  strong, we can estimate Lf 
from ~ ~ " - a / c l / ~ ,  where a is the atomic size, or  from 
L,=a/c, if the interaction of dislocations with impuri- 

ties can be ignored. Moreover, we can expect nodes 
(dislocation interactions) along dislocation lines and the 
density of these nodes is proportional to  1 / ~ " ~ ,  where 
N i s  the dislocation density. The influence of the con- 
centration of sites on y,, is strongc2' but in the case of 
weakly deformed alloys with c = 0.1 at. % i t  is sufficient 
to allow only for the presence of impurities. 

The absence of a step in the dependences pd(T) i s  
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 A1 containing 
0.29 at. % Mg. Hence, the estimate of Lf corresponding 
to the absence of a step gives L~ = U / C " ~ =  (20-30)a. 

The influence of the mass  of the dissolved impurity 
atoms can be established conveniently by comparing the 
temperature dependences pd(T) of the alloys of Cu with 
A1 or  Pt. The metallic radii of A1 and Pt, which a re  
1.43 and 1.38~A, respectively, a re  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 A1 and also in the case of the alloy of Cu with just 
0.01 at.% Pt the value of Y,, is practically independent 
of the degree of deformation. Nevertheless, i t  i s  quite 
clear that a higher concentration of A1 than of Pt is 
necessary to ensure a comparable reduction in Y,,. 

In the case of the alloy of A1 with Ag a strong reduc- 
tion in the step height compared with pure ~ 1 ' "  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 A1 make the length of a free dislocation 
segment much greater than in the other investigated 
alloys so  that in this case i t  i s  preferable to use the 
estimate Lf - 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 y,, and the mass  of the atoms which 
pin dislocations would be regarded a s  confirmation that 
the mechanism responsible for the rise of p,(T) i s  
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 the~retically.[ '~- '~ '  Heavy impuri- 
ties in dislocation cores may alter considerably the law 
of dispersion of local and quasilocal vibrations of a 
linear defect.'13' 

The low-temperature parts of the dependences r(T) 
(for the majority of samples this means below 60-70 OK) 
can be approximated quite satisfactorily by the simple 
dependence 

where A is a constant factor and k is the Boltzmann 
constant. Even in those cases when the curves are 
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FIG. 7. Dependences of In r ( T )  on T' for: a) A1+ 0.048 
at.% Ag; b) Cu+0.17 at.% Al. In Fig. 7a we have r* (T)  
= [pd(T) - Pdminl/pam,n. 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 r ise  of r ( 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) i s  within the 
range (0.7-1.2) x 109eV for the various C u  alloys 
and i t  amounts to (1.3-1.7) x 10" eV for the A1 alloys. 
In the case of samples with different dislocation struc- 
tures the value of E varies somewhat and clearly the 
alloys a re  characterized by higher values of & than the 
weakly deformed pure 

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 E i s  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, i s  
less  than 30 lattice periods, achieved in our experi- 
ments by the addition of Mg to aluminum o r  of Pt and 
Rh to copper, the characteristic dislocation scattering 
channel i s  then suppressed. 

" ~ s t i m a t e s  a r e  made on the basis of the value of ~ ~ ( 4 . 2  OK). In 
the case  of copper we find that ~ ~ ( 4 . 2  "K)/N= 1.8 x10- '~  Cl -cm3 
(Ref. 5) and in the case  of aluminum i t  is pd(4.2"K)/N= 1.8 
x10- '~  D -cm3 (Ref. 6) (N is the dislocation density). The 
presence of impurities should not a l ter  significantly the val- 
ue of this ratio.17] 

'J. Bass, Adv. Phys. 21, 431 (1972). 
2 ~ .  F. Gantmakher and G. I. Kulesko, Zh. Eksp. Teor. Fiz. 67, 

2335 (1974) [Sov. Phys. J E T P  40, 1158 (1975)). 
3 ~ .  I. Kulesko, Zh. Eksp. Teor. Fiz. 72, 2167 (1977) [Sov. 

Phys. J E T P  45, 1138 (1977)). 
4 ~ .  S. Seth and S. B. Woods, Phys. Rev. B 2, 2961 (1970). 
q. F. Gantmakher, V. A. Gasparov, G. I. Kulesko, and V. N. 

Matveev, Zh. Eksp. Teor. Fiz. 63, 1752 (1972) [Sov. Phys. 
J E T P  36, 925 (1973)l. 

6 ~ .  G. Rider and C. T. B. Foxon, Philos. Mag. 13, 289 (1966). 
'A. B. Bhatia and 0. P. Gupta, Phys. Rev. B 1, 4577 (1970). 
8 ~ .  R. Suon, in: Elektronnaya mikroskopiya i prochnost' kris- 

tallov, pod red. prof. D. A. Petrova (Electron Microscopy 
and Strength of Crystals,  ed. by Prof. D. A. Petrov), Met- 
allurgiya, M., 1968, p. 123. 

'J. Friedel, Dislocations, Pergamon Press ,  Oxford, 1964 
(Russ. transl., Mir, M., 1967, p. 343). 

'OI. M. Lifshitz and A. M. Kosevich, Preprint No. 170/T-025, 
Physicotechnical Institute, Academy of Sciences of the 
Ukrainian SSR, I$harkov, 1965. 

" ~ a .  A. Iosilevskii, Pis'ma Zh. Eksp. Teor. Fiz. 7, 32 (1968) 
[JETP Lett. 7, 22 (1968)l. 

1 2 ~ .  G. Taluts, A. Ya. Fishman, and M. A. Ivanov, Fiz. Tverd. 
Tela (Leningrad) 13, 3572 (1971) [Sov. Phys. Solid State 13, 
3016 (1972)l. 

l3M. A. Ivanov, G. G. Taluts, and A. Ya. Fishman, Fiz. Met. 
Metalloved. 31, 260 (1971). 

Translated by A. Tybulewicz 

Passage of current through a Josephson barrier of finite 
dimensions 
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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- who, by numerically integrating the corresponding non- 
rent through a Josephson barr ier  of finite width in the linear differential equation, found, in particular, that 
absence of an external (current-unrelated) magnetic in a wide barr ier  the transport current is largely con- 
field was considered earlier by Owen and Scalapino, ['] centrated near the barr ier  edges and does not penetrate 
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