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Galvanomagnetic measurements have been carried out on plastically deformed single-crystal copper
specimens. Effective small-angle scattering of the conduction electrons has been found. Point and extended
defects, generated for small degrees of low-temperature plastic deformation, change the form of the
magnetoresistance both for the open and closed electron trajectories. The scattering of electrons becomes
predominantly isotropic for relatively large densities of deformation defects.

The problem of the Influence of extended defects of
the crystal structure on the kinetic coefficients of copper
is being studied extremely actively at present. It is gen-
erally accepted that the main contribution to the additional
dislocation electrical resistivity at T = 4.2°K comes from
large-angle scattering by the cores of extended defects.l
However, as has been shown,23 the temperature depen-
pendence of the thermal conductivity for small deforma-
tions in the range T t 4.2°K is not linear, and the thermal
conductivity varies nonmonotonically with the change in
deformation. In addition, calculation of the dislocation
density from the increase in the thermal resistivity gives
a value several orders of magnitude greater than is found
by other, more direct, methods. These features are
associated with the scattering of electrons by quasilocal
dislocation modes, by elastic strain fields and by the so-
called flutter effect. It was shown by Gantmakher and
Kulesko,4who studied the temperature dependence of the
additional dislocation electrical resistivity, that this de-
pendence has a step form in the temperature range T =
30-90°K for different means and degrees of deformation.
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As is well known, when there are certain singular-
ities at the Fermi surface (FS) which lead to a rapid
change in the electron distribution function in momentum
space, the effectiveness of small-angle collisions can in-
crease appreciably.5 The dependence of the magnetore-
sistance on temperature and other characteristics of the
scattering parameters, and also on the orientation and
magnitude of the magnetic field, when the asymptotic de-
pendence is reached, is determined by the scattering
mechanisms.6 Thummes and Kotzler7 studied the effect
of a longitudinal magnetic field on the temperature depen-
dent part of the resistance of copper whiskers. It was
established that the influence of deformation, as also of a
magnetic field, is to increase the region of the quadratic
temperature dependence of resistance from 1.5 to 2.3°K.
These features are associated with the marked anisotropy
of the relaxation time of electrons at theFS, i.e., the ef-
fect of dislocations and of a magnetic field is of the same
nature.8

In the present work we present the results of a study
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of the effect of low-temperature plastic deformation of
copper single-cry stale on their electron transport Lna
transverse magnetic field. The series of specimens Cu-
1 and Cu-2 used in the experiments underwent many step-
wise deformations at liquid helium temperature. After
each loading the specimens were held at T = I00’K for
an hour wt& a subsequent slow cooling.4 The axis of the
Cu-1 speciir -raB coincided with the threefold symmetry
axis, vts.ie :r the Cu-2 series it was with the fourfold
axis. The orientation of the magnetic field strength vec-
tor H for Cu-1 led to the existence of only closed orbits,
while tor Cu-2 there was a layer of open trajectories.
The resistances were recorded at T =4.2eK in the mag-
netic field of a I'iS-1 helium cryostat immediately after
the cold deformation and the subsequent annealing-out
of vacancies.

The deformation and field dependences of the mag-
netoresistence of Cu-1 specimens are shown in
Fig. X, where X' u/p * (r’'jj —mv/p >pj, and p are the
resistances n a magnetic field and in its absence. As
can be seen ;rorn Fig. la, the magnetoresistance depends
nonmonotonically on the deformation even for the unan-
nealed state, and has a maximum for a deformation
~0.8%. the magnitude of which grows sharply with the
annealing of vacancies. The field dependence OpH/P Is
characterized by the fact that while its form is close to
saturation for the Initial state, then for small deforma-
tions (. ~ 0.b%) the magnetic field dependence of the mag-
neloresistance is stronger both In the annealed state and
without annes.Img. The magnetoresistance grows much
more slowly *.w increasing field for relatively large de-
iormaUonB (t~ '<€i, while the magnitude of the magneto-
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FIG. I- The dependence of the tracsver»e magoetoresirtanor &pu/p
of the Curl «tries of specimen* (a) on the degree of deformation,
(1) H =20, 2) 40. 3) 55 kOe) and {b) on magnetic field, M) ** 0,
2)0.2, 3)0.8, 4)5.8, 6) 7.4f); O, and+) axe results for speci-
men* before and after annealing.

resistance before and after annealing differ Insignificantly.
It has been shown by Gurzhi and Kopeiiovich* that the ef-
fective relaxation times determining the electrical resis-
tivity in high magnetic fields T *%ff and In zero magnetic
field Teeff can differ from one another appreciably and In
view of this, the regions of strong and weak magnetic
fields are separated by a region of intermediate magnetic
fields (RIMF). This Is associated with the fact that In the
absence of a field the conductivity is, to an appreciable
extent, determined by the time for diffusion across the
FS, while in strong magnetic fields under the given con-
ditions the time for umklapp processes becomes Impor-
tant, T « Tf* ARIMF occurs for T> Tp, where T" Is
some characteristic temperature determined from the
ratio Tp/T0 < 10"*; Te ~ApS (Ap is the minimum distance
between the Fermi surfaces in the expended zone scheme,
S Is the velocity of sound). For the given orientation,
when only closed orbits occur, Te corresponds to CO*K.
The temperature T * 4.2'K thus corresponds entirely to
the RIMF In which umklapp processes can lead to effec-
tively open trajectories aiui the resistance can depend oi
magnetic field not only as H*;, but also as H° and H~I.
The corresponding component of the resistivity tensor
should then Increase with Increasing magnetic field. The
experimentally observed dependence Py ~ Hn withn <1
Is evidently produced by the collision integral also having
a contribution due to structural defects which scatter Iso-
troplcally, thus the experimental observation of the Pelerle
damping of the resistivity is not possible.

The field and deformation dependences of the mag-
netoreslstance of the Cu-2 specimens are shown In Fig.
2. It is characteristic that the power of the field de-

FIG. 2. The dependence of the Jnagiet3rei.st«ce of rhe Cu-2 series
of specimens: a) on magnetic ‘seid tor tUfferret debtmatioo defect
densities: x)e «0.0.¢) v2, /1,A) OS, O, *) b) on the degree
of deformation for different values o* m. KOe: 1) 23; 2) 40; 3) 55

(the open and dark symbols are results for s-perimecs before and after
annealing, respectively).
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FIG. 3. A typical dependence of the
resistivity p on the degree of defor-
mation e after cold deformation (O)
and after annealing at 100*C(*). The
inset shows the small deformation re-
gion.

pendence Apu/P for the initial state (¢ =0) remains con-
stant over the whole range of magnetic fields, while in
the weakly deformed state it decreases in strong fields.
This feature is reinforced on annealing the vacancies.

At higher degrees of deformation (e = 4%) the power law
increases again to the original level for the whole range
of values of H.

The dependence of the magnetoresistance Apuy/p on
deformation shows a reduction with an increasing con-
centration of structural defects (Fig. 2b). For large de-
formations the magnetoresistance in the annealed state
is higher than before the anneal, which correlates with
the Kohler law, since the resistivity in the annealed state
is less, while for small deformations the reverse rela-
tion holds. The characteristic deformation dependence
of the resistivity is shown in Fig. 3. The nonlinear na-
ture of the p (c) relation is evidence of the nonlinear
growth in deformation defects.

It has been shown by Gurzhi and Kopeliovieh9 that
when openness occurs, a RIMF appears as the magnetic
field vector approaches the boundary of the two-dimen-
sional open region on the stereographic projection under
the condition

<fP2< co7 '< tf, (1)

and occurs in the angular interval \ < (*c1p)~0,5, B=
T/© (© is the Debye temperature, o;c is the cyclotron fre-
quency, (p is the angle measured from the boundary of the
two-dimensional open region). For copper with residual
resistivity ~2+k0-10 4 *cm and a value 3 —0.01 at T =
4.2°K, Eq. (1) really holds in a magnetic field H =50 kOe,
then (p » 5° and almost spans the two-dimensional region
of openness. Following Gurzhi and Kopeliovieh,9it can
be considered that the conductivity as a function of mag-
netic field is proportional to (wc2t f)“0'5 and correspond-
ing to this, the resistivity should grow with an increase

in magnetic field with an exponent equal to 1.5.

The results of the experiments thus show that small
deformations affect the scattering cross section for scat-
tering of conduction electrons very weakly for electron
transport in zero magnetic field, which agrees with the
proposition that the main contribution to electrical re-
sistivity comes from large-angle scattering of electrons.
The magnetoresistance, however, is very sensitive to
small densities of deformation defects, and there are then
also anomalies in the behavior of the magnetoresistance
in the presence of vacancies. This fact is evidence of the
partially small-angle nature of the scattering of electrons
by point defects. After annealing of vacancies, the change
in the behavior of the magnetoresistance is extremely
large, i.e., the small-angle character of the scattering
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by quasilocal phonon modes and by strain fields, which
is unimportant in zero magnetic field, is more clearly
revealed due to the effective screening of the cores of
extended defects.

At large deformations, when the density of the defects
introduced is high, electron scattering is predominantly
isotropic, the role of strain fields decreases, both as a
result of the reduction in the distance between dislocations
and in view of the fact that the dislocation structure has a
more sharply defined looped character; the dislocations
are locked up inside the specimen and do not emerge at
the surface. The elastic strain fields then decrease with
distance according to a cubic law,10 and the short-range
potentials of the cores of extended defects then play the
leading part. At small deformations, the increase in
anisotropy is produced both by the capture by disloca-
tions formed during the low-temperature deformation, of
impurity atoms scattering isotropically to a first ap-
proximation1l and by a contribution to the collision in-
tegral from small-angle scattering by the extended de-
fects introduced,12 the elastic strain fields of which are
of longer range then closed dislocation loops.

The authors express their thanks to A. I. Kopeliovieh
for discussion of the results of this work and for valu-
able comments.

NOTATION

Here © is the Debye temperature, p is the electrical
resistivity, pa is the resistivity in a magnetic field, Ap”~./
p is the magnetoresistance, is the Larmor frequency,
C is the degree of deformation, r°eff is the effective re-
laxation time in zero magnetic field, rp is the diffusion
relaxation time, Ty is the effective umklapp process
relaxation time, T °°eff is the effective relaxation time in
a high magnetic field.
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