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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 p rob lem  of the Influence of extended defects of 
the c ry s ta l s tru c tu re  on the k inetic coeffic ien ts of copper 
is  being studied ex trem ely  actively  a t p re se n t. It is gen
e ra lly  accepted that the m ain  contribution to the additional 
d islocation  e le c tr ic a l re s is tiv ity  a t T = 4.2°K com es from  
la rg e -an g le  sca tte rin g  by the co re s  of extended d efe c ts .1 
However, as has been  shown,2,3 the tem p era tu re  depen- 
pendence of the therm al conductivity fo r sm all d efo rm a
tions in the range T t  4.2°K is not lin e a r ,  and the therm al 
conductivity v a r ie s  nonm onotonically with the change in 
deform ation. In addition, ca lculation  of the d islocation  
density  from  the in c re ase  in the therm al re s is tiv ity  gives 
a  value sev era l o rd e rs  of m agnitude g re a te r  than is found 
by o ther, m ore  d ire c t, m ethods. T hese fe a tu re s  a re  
assoc ia ted  with the sca tte rin g  of e lec tro n s  by quasilocal 
d islocation  m odes, by e la s tic  s tra in  fie ld s and by the so -  
called  flu tte r  effect. It w as shown by G antm akher and 
K ulesko,4 who studied the te m p era tu re  dependence of the 
additional d isloca tion  e le c tr ic a l re s is tiv ity , that th is d e 
pendence has a step  fo rm  in the te m p era tu re  range T = 
30-90°K for d iffe ren t m eans and d eg rees  of deform ation.

As is  well known, when th e re  a re  c e r ta in  s in g u la r
itie s  a t the F e rm i su rface  (FS) which lead  to a rap id  
change in the e lec tro n  d is tribu tion  function in m om entum  
space, the effec tiveness of sm a ll-an g le  co llisions can in 
c re a se  ap p rec iab ly .5 The dependence of the m ag n e to re 
s is tan ce  on te m p era tu re  and o ther c h a ra c te r is tic s  of the 
sca tte rin g  p a ra m e te rs ,  and a lso  on the o rien ta tio n  and 
m agnitude of the m agnetic field , when the asym ptotic d e 
pendence is  reach ed , is  determ ined  by the sca tte rin g  
m ech an ism s.6 Thum m es and K o tz ler7 studied the effect 
of a longitudinal m agnetic fie ld  on the te m p era tu re  depen
dent p a r t  of the re s is ta n c e  of copper w h isk ers . It was 
es tab lished  that the influence of deform ation , as a lso  of a 
m agnetic fie ld , is to in c re ase  the reg ion  of the quadra tic  
te m p era tu re  dependence of re s is ta n c e  fro m  1.5 to 2.3°K. 
T hese fea tu re s  a re  asso c ia ted  with the m arked  an iso tropy  
of the re laxation  tim e of e lec tro n s  at th e F S , i .e . ,  the e f
fec t of d isloca tions and of a m agnetic field  is  of the sam e 
n a tu re .8

In the p re se n t w ork we p re se n t the re s u lts  of a study
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FIG. I- The dependence of the tracsver»e magoetoresiгтапог & рц/р  
of the C url «tries o f specimen* (a) on the degree of deformation,
(1) H = 20, 2) 40. 3) 55 kOe) and {b) on magnetic field, П ) * * 0, 
2 )0 .2 , 3 )0 .8 , 4 )5 .8 , 6) 7.4frt<); O, and • )  axe results for speci
men* before and after annealing.

of the effect of lo w -tem p era tu re  p la s tic  deform ation of 
copper s in g le -c ry  s ta le  on th e ir  e lec tro n  tra n sp o r t Ln a 
tr a n s v e r s e  m agnetic field. The s e r ie s  of specim ens C u- 
1 and Cu-2 used in the experim en ts underw ent many s te p -  
w ise defo rm ations at liquid helium  te m p era tu re . A fter 
each loading the specim ens w ere held at T = lOO’K fo r 
an hour wt& a subsequent slow cooling.4 The ax is  of the 
Cu-1 speciir -гав coincided with the threefold  sym m etry  
ax is , v ts.ie : r  the Cu-2 s e r ie s  it w as with the fourfold 
ax is . The o rien ta tio n  of the m agnetic field  strength  v ec
to r  H for Cu-1 led  to the existence of only closed o rb its , 
w hile to r  Cu-2 th e re  was a la y er of open tra je c to r ie s .
The re s is ta n c e s  w ere recorded  a t T = 4.2eK in the m ag
n etic  fie ld  of a I 'iS - l  helium  c ry o sta t im m ediately  a fte r 
the cold defo rm ation  and the subsequent annealing-out 
of vacanc ies.

The defo rm ation  and field dependences of the m ag- 
n e to re s is te n c e  of Cu-1 specim ens a re  shown in
F ig . X, w here X '  ц /р  * (r’jj — #■> v/ p > p j, and p a re  the 
re s is ta n c e s  n a m agnetic field  and in its  absence. As 
can be seen ; гогл F ig . la ,  the m agnetore si stance depends 
nonmonotonic ally  on the deform ation even for the unan
nealed s ta te , and has a maximum for a deform ation 
~0.8% . the m agnitude of which grow s sharp ly  with the 
annealing of v acancies. The field dependence Д р н /Р  ls  
c h a ra c te r iz e d  by the fact that while its  fo rm  is  c lose  to 
sa tu ra tio n  for the Initial s ta te , then fo r sm all d e fo rm a
tions (r. ~ 0.b%) the m agnetic field dependence of the m ag - 
n e lo re s is ta n c e  is  s tro n g er both In the annealed s ta te  and 
without annes.lmg. The m agnetore si stance grow s much 
m o re  slowly * .ш  increasing  field fo r re la tiv e ly  la rg e  d e -  
iormaUonB (t ~ '<£ i, w hile the m agnitude of the m agneto

re  si stance b efo re  and a fte r  annealing d iffe r Insignificantly.
It has been  shown by G urzhi and Kopeiiovich* that the e f 
fec tive re laxation  tim es  determ in ing  the e le c tr ic a l r e s i s 
tiv ity  in high m agnetic fie lds т *°eff and In ze ro  m agnetic 
field  T°e ff can d iffe r from  one another appreciab ly  and In 
view of th is , the reg ions of strong  and weak m agnetic 
f ie ld s  a re  separated  by a reg ion  of in te rm ed ia te  m agnetic 
fie ld s (RIMF). T his Is asso c ia ted  with the fact that In the 
absence of a field the conductivity is , to an appreciab le 
ex ten t, determ ined  by the tim e fo r diffusion a c ro s s  the 
FS, while in strong m agnetic fie ld s under the given con
ditions the tim e fo r um klapp p ro c e s se s  becom es Im por
tan t, т и «  т f * A RIMF o cc u rs  fo r T > Tp, w here T^ Is 
som e c h a ra c te r is tic  te m p e ra tu re  determ ined  from  the 
ra tio  T p /T 0 < 10"*; T e ~ApS (Ap is the m inim um  distance 
betw een the F erm i su rfa ce s  in the expended zone schem e,
S Is the velocity of sound). F o r the given o rien ta tion , 
when only closed  o rb its  o cc u r, T e co rresp o n d s  to C0*K.
The te m p era tu re  T * 4.2 'K  thus co rresp o n d s  en tire ly  to 
the RIMF In which um klapp p ro c e sse s  can lead  to e ffec 
tively open tra je c to r ie s  aiui the re s is ta n c e  can depend о i 
m agnetic field not only a s  H“;:, but also  as  H° and H~l .
The co rrespond ing  com ponent of the re s is tiv ity  tenso r 
should then Increase  with Increasing  m agnetic field . The 
experim en tally  observed  dependence Р ц  ~ Hn with n < 1 
Is evidently produced by the co llision  in tegral a lso  having 
a contribution due to s tru c tu ra l defec ts  which sc a tte r  Iso -  
tro p lca lly , thus the ex p erim en ta l observa tion  of the P e le r le  
dam ping of the re s is tiv ity  is not possib le .

The field and defo rm ation  dependences of the m ag - 
n e to re s l stance of the Cu-2 specim ens a re  shown In Fig.
2. It is c h a ra c te r is tic  that the pow er of the field d e -
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FIG. 2. The dependence of the Jnagiet3rei.st«ce of rhe Cu-2 series 
of specimens: a) on magnetic 'seid tor tUf ferret debt mat ioo defect 
densities: x ) e « 0. O. • )  v 2 , Л, A )  O.S, О, * )  b) on the degree 
o f  deformation for different values о.* м. Юе: I) 23; 2) 40; 3) 55 
(the open and dark symbols are re sults 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
m ation e after cold deformation (O) 
and after annealing at 100*C(*). The 
inset shows the sm all deform ation re
gion.

pendence Д р ц /Р  fo r the in itial s ta te  (c = 0) rem a in s  con- 
stan t over the whole range of m agnetic fie ld s , while in 
the weakly deform ed sta te  it d e c re a se s  in strong  fie lds. 
This fea tu re  is  re in fo rced  on annealing the v acancies.
At h igher d eg rees of deform ation (e = 4%) the pow er law 
in c re a se s  again to the o rig ina l level fo r the whole range 
of values of H.

The dependence of the m agne to re  si stance А р ц / р  on 
deform ation  shows a reduction  with an increasing  con
cen tra tion  of s tru c tu ra l d efects  (Fig. 2b). F or la rg e  d e
fo rm ations the m agne to re  si stance in the annealed sta te  
is  h igher than b efo re  the anneal, which c o rre la te s  with 
the K ohler law, since the re s is tiv ity  in the annealed sta te  
is  le s s ,  while fo r sm all deform ations the re v e rs e  r e la 
tion holds. The c h a ra c te r is tic  deform ation dependence 
of the re s is tiv ity  is  shown in F ig. 3. The nonlinear n a 
tu re  of the p ( c ) re la tio n  is  evidence of the nonlinear 
growth in deform ation  defects.

It has been shown by G urzhi and K opeliovieh9 that 
when openness o cc u rs , a RIMF ap p ears  as the m agnetic 
field  v ec to r approaches the  boundary of the tw o-dim en
sional open reg ion  on the ste reo g rap h ic  p ro jec tion  under 
the condition

<cf P 2 < co7 ' < t f , (1 )

and occu rs  in the angular in te rval \<p\ < (^ с тр)~0,5, /3 = 
T /©  (© is the Debye te m p era tu re , o;c is  the cyclotron f r e 
quency, (p is  the angle m easu red  fro m  the boundary of the 
tw o-dim ensional open region). F o r  copper with res id u a l 
re s is tiv ity  ~-2 • Ю -10 Я * cm  and a value /3 — 0.01 a t T = 
4.2°K, Eq. (1) rea lly  holds in a m agnetic field  H =* 50 kOe, 
then (p ^  5° and a lm ost spans the tw o-dim ensional reg ion  
of openness. Following G urzhi and K opeliovieh,9 it can 
b e  considered  that the conductivity as  a function of m ag
netic  field  is  p roportional to (w c 2t f )“ 0' 5, and co rresp o n d 
ing to th is , the re s is tiv ity  should grow with an in c rease  
in m agnetic field  with an exponent equal to 1.5.

The re s u lts  of the experim en ts thus show tha t sm all 
deform ations affect the sca tte rin g  c ro s s  section  fo r s c a t
te ring  of conduction e lec tro n s  v ery  weakly fo r e lec tron  
tra n sp o rt in ze ro  m agnetic fie ld , which ag re es  with the 
proposition  that the m ain  contribution  to e le c tric a l r e 
s is tiv ity  com es fro m  la rg e -a n g le  sc a tte r in g  of e lec tro n s . 
The m ag n e to res is tan ce , how ever, is  v ery  sensitive  to 
sm all d en s itie s  of deform ation  defects, and th e re  a re  then 
also  anom alies in the behavior of the m agneto resi stance 
in the p re se n ce  of v acanc ies . T his fac t is  evidence of the 
p a rtia lly  sm a ll-an g le  n a tu re  of the sca tte rin g  of e lec tro n s  
by point defects . A fter annealing of v acan c ie s , the change 
in the behavior of the m agne to re  si stance is ex trem ely  
la rg e , i .e .,  the sm a ll-an g le  c h a ra c te r  of the sca tte rin g

181 Sov. J. Low Temp. Phys. 12(3), March 1 986

by quasilocal phonon m odes and by s tra in  f ie ld s , which 
is  un im portan t in ze ro  m agnetic fie ld , is  m o re  c lea rly  
rev ea led  due to the effective sc reen ing  of the c o re s  of 
extended defec ts .

At la rg e  defo rm ations, when the density  of the d efects 
introduced is  high, e lec tro n  sca tte rin g  is  predom inantly  
iso tro p ic , the ro le  of s tra in  fie lds d e c re a s e s , both a s  a 
r e s u lt  of the reduction  in the d istance betw een d isloca tions 
and in view of the fac t that the d isloca tion  s tru c tu re  h as  a 
m o re  sharp ly  defined looped c h a ra c te r ; the d is loca tions 
a re  locked up inside the specim en and do not em erg e  at 
the su rface . The e la s tic  s tra in  fie lds then d e c re a se  with 
d istance accord ing  to a cubic law ,10 and the sh o r t- ra n g e  
p o ten tia ls  of the c o re s  of extended defec ts then play the 
leading p a r t. At sm all defo rm ations, the in c re a se  in 
an iso tropy  is produced both by the cap tu re  by d is lo c a 
tions fo rm ed  during the lo w -tem p era tu re  deform ation , of 
im purity  atom s sca tte rin g  iso tro p ica lly  to a f i r s t  ap 
prox im ation11 and by a contribution  to the co llis io n  in
te g ra l fro m  sm a ll-an g le  sca tte rin g  by the extended d e 
fe c ts  in troduced ,12 the e la s tic  s tra in  fie ld s of which a re  
of longer range then c losed  d isloca tion  loops.

The au tho rs e x p re ss  th e ir  thanks to A. I. Kopeliovieh 
fo r d iscu ssio n  of the re s u lts  of th is w ork and fo r v a lu 
able com m ents.

NOTATION

H ere © is the Debye te m p era tu re , p is  the e le c tr ic a l 
re s is tiv ity , p д  is  the re s is tiv ity  in a m agnetic fie ld , Дp ^ ./  
p is  the m a g n e to res is tan ce , is  the L a rm o r frequency,
С is  the deg ree  of deform ation , r ° eff is  the effective r e 
laxation  tim e in zero  m agnetic fie ld , r p  is  the diffusion 
re laxa tion  tim e, т ц  is  the effective um klapp p ro c e s s  
re lax a tio n  tim e, т °°eff is  the effective re lax a tio n  tim e in 
a high m agnetic field .
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