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The influence of low-temperature plastic deformation on the electrical resistivity and mag-
netoresistance of aluminium is studied experimentally. During [deformation realized by mul-
tiple slip, anisotropy of the electronic distribut ion function is independent of dislocation density,
but the magnetoresistance has a maximum, associated with effective electron scattering at small
angles in long-range stress fields. Conduction electron scattering at point deformation defects
essentially makes the distribution function isotropic, as seen in growth of the temperature-
dependent addition to resistivity and in decline of the relative transverse magnetoresistance in

the temperature range 4-2-30 K.

As we know, the distribution function (DF) of conduction electrons in metals in an electrical field
is very different from that of a free electron gas, because of the shape of the Fermi surface (FS) of
real metals and anisotropy of electron scattering [1]. The electronic relaxation mechanisms due to
crystal lattice defects are very complicated because of the peculiarities created by the stress fields.
Short-range stresses which result in isotropic scattering can be created both by impurity atoms and
by dislocation pileups in intersecting slip planes, as well as by dislocation cores. Long-range stresses
might arise from separate dislocations as well as clusters of impurity atoms. The peculiarity of the dis-
location scattering mechanism is evidenced in the fact that the deviation from Matthiessen’s rule
due to the presence of the two (temperature and defect) mechanisms diminishes with increase in the
dislocation contribution to electrical resistivity [2, 3] but the DF tends to that of an ideal crystal [4].

The presence of defects has an influence on anisotropy of the contribution of different regions of
the FS to the DF and is manifest in the electrical resistivity of the metal. In [1] it has been shown the-
oretically that allowance for anisotropy of scattering by phonons in the case of a perfect crystal lattice
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64 Conduction Electron Distribution Function in Aluminium

changes the electrical resistivity p by several times even with a spherical FS. Allowance for impurity
scattering is displayed in the form of a deviation from Matthiessen’s rule [5, 6].

The influence of electron scattering by point defects on the DF of aluminium has been studied in
[7, 8] and the temperature dependence pXT) due to the presence of dislocations has been determined
experimentally in [9].

There is an experimental investigation of the temperature dependence of p and of the transverse
magnetoresistance (TMR) ApHIp of polycrystalline Al with different static lattice defects (impurities,
dislocations, secondary quenching defects) in [10]. In the presence of extended defects, a correlation
is observed between the temperature dependence of ApHp and the value Ap/pres-pid, where pid is the
measured resistivity value of the most perfect specimen; Ap — value characterizing deviation from
Matthiessen’s rule; and pres — residual resistivity; Ap=p-prs—pld. There are maxima on the tem-
perature curves of ApHp and AplpTes-pid near 20 K, the introduction of extended defects raising the
value of Apfljp and reducing Ap/prts-pid relative to a specimen with a preponderance of impurity scat-
tering.

A detailed investigation of the influence of electron-dislocation scattering on transfer phenomena
in aluminium is needed in order to determine the importance of long-range stress fields. So far the prin-
cipal mechanism of plastic deformation of Al has been established, the role of defect interaction dur-
ing the different stages of deformation has been determined and experience on identification of the
density of introduced defects as a function of the initial state of a specimen has been accumulated.
The problem can therefore be solved with the help of low-temperature plastic deformation by studying
the dependences of magnetoresistance of deformed specimens on temperature, magnetic field and de-
formation.

We used poly- and single crystal specimens of aluminium. The polycrystalline specimens (Al-1 and
Al-2) were subjected to staged low-temperature deformation in compression and tension respectively,
followed by annealing at room temperature. The single crystals (Al-3, Al-4, Al-5, Al-6, Al-7, Al-8)
with [100] oriented along the tensile-axis were deformed once with different degrees of deformation.
All the specimens were machined with the electroarc method and had the same size. Low-temperature
deformation was performed with the help of universal equipment comprising a loading element which
was in a hot zone and removable load chambers which provided for deformation in compression and
extension at helium temperatures. The degree of compression was estimated on the basis of identical
strain hardening curves for uniaxial compression and extension [11]. The degree of extension was ve-
rified with the help of a micrometer indicator which registered the change in length of specimens with
accuracy 0-01 mm. The electrical resistivity was measured with a potentiometer at temperatures from
4-2 to 30 K, registered with an (Au+ Fe)-Cu thermocouple. The initial state of specimens, that is,
their frequency and perfection, was verified using the resistivities at room and helium temperatures.
The dislocation density was estimated from the increment of residual resistivity [12].

EXPERIMENTAL RESULTS AND DISCUSSION

Specimen Al-1 has dependence of residual restisivity pO on degree of deformation shown in Fig. 1
Curve 1 corresponds to the dependence of relative increment ApO/pRQ on deformation e, measured
immediately after mechanical compression (state 1) where ApOfp<?=(p0—pt)/p'o | po — residual re-
sistivity in initial state (s=0%, T=4*2K); po —resistivity of deformed specimen at T=4-2 K; pizjp'o
=8000. The AplpE values on curve 2 were obtained after deformation and 24-hour annealing at room
temperature (state 2). It is known that regions of point defects — vacancies or interstitial atoms —
are formed during deformation. Those defects are annihilated during annealing at room temperature,
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and that resuits in reduction of residual resistivity. The weak minimum for state 2 at £~2-3% might
be associated with the appearance of Cottrell atmospheres during deformation.

Figure 2 shows the temperature-dependent part pT=p —pQof the specimen Al-1 as a function of s.
For state 1 pTgrows with a The observed dependence of pT for state 2 differs from the results of [2, 3].
This is probably due to the higher purity of the specimen used here. It seems that anisotropy of the DF
in the given deformation range (state 2) is independent of dislocation density in a zero magnetic field.

Fig. 1. Deformation dependence of relative increment of resistivity
of specimen Al-1 after deformation (curve 1) and annealing (curve 2).

Figure 3 shows the temperature dependences of relative TMR ApHfp of Al-1 in states 1 and 2,
where ApH/p=(psi—p)p and pH — resistivity in a magnetic field at a certain temperature. A general
feature of all the curves for state 1is that ApHp is lower than for the initial state (fi=0). The character-
istic maximum (' =20 K) falls with rise of s, that is, the defects introduced in the case of state 1 make
the DF isotropic. The temperature dependences ApHjp for stale 2 are more complicated. There are

Fig. 2. Temperature-dependent part of deformation resistivity of specimen Al-1 as function of
deformation at =16 K (a) and T=21 K (b), O, « — states 1 and 2 respectively.

Fig. 3. Temperature dependences of resistivity of specimen Al-1 in magnetic field at different
deformations: a —transverse field #=1*1 x 106 A/m; b —56x 106 A/m; « —e=0; O» A —e
=3%; X, —e=11%in states 1 and 2 respectively.

Npalp values both larger and smaller than those in the initial state. In weak magnetic fields the temper-
ature curve of ApHp intersects the curve of the initial state at T—8 K and passes below it at higher
temperatures. This is a characteristic feature for large deformations; the increment of ApEJp at T
= 18 K relative to M=4-2 K falls with rise of e. In stronger magnetic fields the relative TMR is higher
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than the initial value only for small e; this is true up to ~20 K. But the rate of growth of ApHjp with T
is less than for the initial state and the relative size of the maximum is roughly the same for different s.
The deformation curves of relative TMR shown in Fig. 4 exhibit an interesting feature. In weak
magnetic fields the TMR is almost independent of deformation at '=4-2 K and at 7"=30 K. In strong
magnetic fields the TMR on the deformation curve in the small deformation range (s~3%) at helium
temperature has a maximum which is also observed at N'=18 K and disappears at 30 K.

Fig. 4 Fig. 5

Fig. 4. Dependence of magnetoresistance of Al-1 on deformation in state 2: 1 —in transverse
field H=1-1x 106 A/m; 2 - 56x 106 A/m; O - at T=4-2K; x —I=18 K; « —T=30 K.

Fig. 5. Dependence of magnetoresistance of Al-2 on deformation in state 2: 1 — in transverse
field tf=1-1x106 A/m; 2 - 5-6xI106 A/m; O - at N'=4*2 K; x - 18 K.

The principal deformation mechanism in these experiments is dislocation sliding in multiple
planes. The shape of the ApH/p curves in weak and in strong fields at 4*2 K shows that the contribution
to anisotropy of the DF by the magnetic field is varied. A dislocation network produces a rise in the
scale of anisotropy of the DF similar to low-temperature anisotropic scattering by long-wave phonons

Fig. 6. Magnetoresistance of single crystal specimens JA1-3 (¢ —e

=0%), Al-4 (A - 6%), Al-5 (O - 9%), Al-6 (4 - 11%), Al-7

(x —19%), Al-8 (V —25%) at M'=4-2 K as function of strength

of transverse (_L) and longitudinal magnetic field (|[). In inset

denotes orientation of specimens relative to principal crystallographic
axes: O - [100]; 4 - [111]; 0 - [110].
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[10, 13]. On that basis, we can conclude that small-angle scattering in long-range stress fields plays
a substantial part, its effectiveness being higher in a magnetic field [14]. The different behaviour oiApHjp
in weak fields could be due to the low topological anisotropy of the DF, and the constant TMR with
rise of acould be explained by the combined effect of small-angle scattering and magnetic breakdown
[15]. This fact does not permit isolation of the DF anisotropy due only to scattering anisotropy in
its pure form. The identical growth of ApHp in strong magnetic fields at 4-2 K provides evidence that
electron scattering by long-wave phonons makes a more effective contribution to anisotropy of the DF
apart from the dependence on dislocation density. On the other hand, the deformation dependence
of Apn/p at N'=18 K, where the addition or a small-angle scattering mechanism at dislocations does
not increase anisotropy of the DF, is typical. The qualitative features of the dependence of the TMR
on £ for Al-2 (Fig. 5) during uniaxial tension are similar to those for Al-1. The only difference is that
the maximum of the DF with that form of deformation is more pronounced in both strong and in
weak fields. This could be attributed to the fact that sliding during uniaxial tension takes place in the
smallest of mutually intersecting planes, resulting in a less complicated dislocation network. Small-
angle scattering in long-range stress fields is more effective and occurs even in weak fields.

Figure 6 shows the field dependences of the transverse and longitudinal magnetoresistance Apf{jp
and Apulp at T=4-2 K of all the investigated single crystals. The behaviour of the TMR of specimen
Al-3 in initial state is typical for magnetic field orientation in which open magnetic-breakdown paths
are lacking. The field dependence of specimens Al-4, Al-5 is very similar in shape, but the Apa/p val-
ues are smaller than in Al-3. There is an appreciable growth on transition from smaller to greater
deformations, and the field dependence of Apg/p for Al-6 lies above those for the initial and deformed
specimens. For large deformations (Al-7 and Al-8) the TMR is correspondingly smaller, the field de-
pendence tending towards linear growth with deformation. In [14] it has been shown that, under con-
ditions of small-angle scattering, the magnetoresistance emerges at an asymptotic value in large fields,
higher than during isotropic scattering. Hence, the specimen Al-6 displays effective small-angle scat-
tering of electrons at introduced dislocations.

Al-3 has a linear dependence in longitudinal magnetic field. This is due to the initial dislocation
network, small-angle scattering by which results in a rise of magnetoresistance. The deformed speci-
mens have field dependence closer to saturation. The Aphlp curves for specimens Al-6 and Al-7 lie
above the curve for Al-3.

It is interesting to analyze the results from the standpoint of the theoretical work [1], in which the
resistivity and its variation in a magnetic field are given in the form

P\°l+cRI2 (Pyz +CcR12)2
p~Pyf+cRIt- S—— ABII:F-%? --------- —
P2)+cR22 PR2+cR22
where and cRX{ are the matrix elements of the collision operator determined by scattering at pho-

nons and defects; ¢ — defect (point and extended) concentration.

The growth of the temperature addition to the resistivity in state 1 with rise of degree of deforma-
tion can be represented as preferred growth of the diagonal matrix elements of the collision operator
responsible for elastic scattering. Their growth precedes growth of the non-diagonal components in
the expression for pT which can be put in the form

(Pfl+cRn)2 cRR
Pr-~ n Pm +CR22 r 22

With rise of dislocation density in state 2 in the given range of deformation the non-diagonal ma-
trix elements which describe phonon scattering in regions of dynamic perturbation, as well as non-
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sphericity of the FS, are more effective and the last two terms vary weakly with rise of dislocation den-
sity.
The relative TMR has a maximum on the deformation curve at T=4-2 K ifitis assumed that
Then the existing initial magnetoresistance ApHp=rjlf (1—rji), where ffi=R 12IR11R 22 and rjt
passes through a maximum as a function of e. At high temperatures, where ApHp is weakly dependent

A P (OV
on r in state 2 it can be assumed the that and —p-:~Lu ----- (—FI- --------- »where rj0=P\V2!
P PL[iTI-rj°)+cRn 12 .

}PfrPy1 corresponds to the “pure” limit. At intermediate temperature we can assume P XXi~ cR X4
and the weak dependence of Rx% on dislocation density causes a rapid change in ApHp with small
change in the dislocation density.

Thus small-angle electron scattering in long-range stress fields in the presence of a magnetic field
has a substantial influence on the electronic distribution function, expressed in the non-linear depend-
ence of the matrix elements of the collision operator on deformation defect concentration.

The authors would like to thank A. P. Zhernov for helpful discussion and critical comments which
have been incorporated in the final form of the work.
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