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,. Recently, Seuneu and Monod measured both the electrical resistivity p and the conduction-electron spin

resonance linewidth (CERSL%) 1/25H as a function of the de'nsity of dislocations C in cold-worked Cu,

Ag, and Al metals. Here we calculate theoretically the spin-orbit induced CESRL%' 1/2(h, &),d in the case
of scattering by dislocations using a model structure factor for edge dislocations that reproduces the

experimental p. It is shown that for Ag and Cu, 1/2,(EH)~ coincides with the experimental va1ues within the

errors involved. However, in the case of Al, 1/2(h, H)~ is three orders of magnitude smaller than the

observed value. This gives indication that in this regard solid A1 does not behave like a free-electron gas,
which is probably related to large effects due to its anisotropic Fermi surface. Liquid Al, ho~ever, should

have an isotropic Fermi surface and the theoretical value of 1/2(EH)~ for this em is calculated, which

would be interesting to compare with experiment.

I. INTRODUCTION

The relaxation times corresponding to many
electronic transport coefficients of metals have
been written as integrals of the form"

dq V, 'S~j q

with

s,(q)= f dn;f d s'(q, (a), , (2)

where S'((l, ~) is the inelastic part of the dynamical
structure factor of Van Hove. ' ~V~ ~' is the elec-
tron-ion interaction pseudopotential and f(q) is a
function whose form depends on the coefficient con-
sidered. P=+jksT and k~ is the Fermi wave vec-
tor. 0 is Planek's constant, k~ is Boltzmann's con-
stant, and T is the absolute texnperature. The in-
tegrals involve an average over all directions of
the vector q. The usefulness of this approach in
the cal.eulation of electronic transport coefficients
lies in the fact that an empirical dynamical struc-
ture factor can be used. Thus, the actual ionic
structure of the metal, including its temperature
dependence, as well as the umklapp processes are
automatically taken into account. This is, for in-
stance, the case in the calculation of the resistivi-
ty due to phonons. ' However, to the best of our
knowledge, neither x-rays nor slow&-neutron scat-
tering experiments have been performed on cold-
worked meta18 which provide information about
tQe structure factor corresponding to dislocations
at large momentum transfers. ' The purpose of this
papex is to propose a model structure factor for
edge dislocations which can be used in E(l. (l) to
evaluate the contribution of dislocations to the

transport coefficients. The structure factor pro-
posed contains a single parameter which can be
adjusted, for instance using resistivity data, and
later on used to calculate any other transport co-
efficient. In particular we calculate the conduc-
tion-electron-spin resonance linewidth (CESRLW)
produced by edge dislocations in cold-worked Cu,
Ag, and Al and compare the results with data ob-
tained by Beuneu and Monod. ' For Cu and Ag the
agreement is good. For Al thexe is a large dis-
crepancy which may be associated with the highly
anisotropic Fermi surfaces of solid Al. In order
to test if this is the ease, we also calculate the
CESHI% of liquid Al, whose Fermi surface should
be isotropic. This result should be susceptible of
direct comparison with experiment.

II. MODEL

The field of deformation due to an edge disloca-
tion' in a metal has been studied in a continuum
model' and also on an atomic level. "0 The contri-
bution of this deformation field to the resistivity
has been extensively discussed in the litera-
ture. "" The continuum model underestimates the
resistivity by factors of 10 to 50.' '8 The dis-
agreement has been attributed to the fact that the
continuum model does not describe properly the
core of the dislocation, which is the region that
contributes overwhelmingly to the electron scat-
tering. It has been shown that a model in vvhieh

the dislocation is described by a hollow& cylinder
with a radius of the order of the interatomic dis-
tance leads to a resistivity which is much closer
to the experimental data. ' '"

Hex'e, in order to calculate the structure factor
corresponding to the deformation produced by edge
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dislocations, we describe the deformation field by
the continuum model at radial distances r & ro and

by a hollow cylinder for r & ro. Here ro is an ad-
justable parameter (of the order of the interatomic
distance) that depends on the material. "

In the continuum model the dilatation field corre-
sponding to an edge dislocation is given by"'

where b is the modulus of the Burger's vector and
v is the Poisson ratio. The axis of the dislocation
defines the z-coordinate axis, r is a radial dis-
tance from the axis of the dislocation in the x-y
plane, and 0 is the angle between the radius vector
r and the Burger's vector b which defines the x-di-
rection. The density field is given by

D(r, 8) = 0 = Do(l + b,),
D

where D, is the number of atoms per unit volume
in the unstrained crystal.

Thus, in our model, the density field is approxi-
mated by"

Do(1+ 6) for r& ro,
D(r, 8) =

0 for r&r

From this density field we substract the constant
density D, which does not contribute to the elec-
tronic scattering. In a proper atomic treatment,
D, would lead to Bragg scattering, which is usually
taken i.nto account through an effective electron
mass. Therefore, the differential density field d
1s

D,d.(r, 8) for r & r„
(f(r, 8) =

. -D for t'& ro.

Its Fourier transform dq is

4w'D, r'J)(q, ) . f) 1 —2))

1
2 eT()(q)ro) sin (jb

0

where we have used the relation Q'(q, ) =(L/2s)&(q, ).
Here I, is the length of the sample. " If there are
n parallel dislocations, the structure factor to be
used in the proper transport equations" is

(2s)'N&D, r 45(q, )

b(1 —2 v}
j2(q~r )+

)(: 2 J0(q) ro) sin (t)
V o

where C is the number of dislocations per cm' and
N the number of atoms in the sample. This form
of the structure factor leads, of course, to aniso-
tropic transport coefficients. The result (1Q) con-
tains the assumption that the dislocations scatter
incoherently.

If there are n dislocations randomly oriented we
proceed to do the angular integrations indicated in

Eq. (8}

N S(q) = f d()- S(q)

4g NCDo+o
g3

III. RESISTIVlTY

H«e) q =(qj. cos(j), q&sinp, q,), where p is the an-
gle between the component of q in the x-y plane
(q~) and the x axis.

Vfe assume that the density field is static, which
should be an extremely good approximation since
the times involved in dislocation displacements are
extremely long compared to kaT 22 Then Eq. (2.)
reduces to

where S(q) is the static structure factor. By defi-
nition

The resistivity is given by

(12)

where m is the electron mass, e is the electron
charge, and Z is the number of conduction elec-
trons per atom. The relaxation time ~f is given by
Eq. (1) with

(13)

We have calculated the resistivity for Cu, Ag,
and At. , using the constants given in Tab)e I and
the pseudopotentials of Ref. 24 and 25 for Cu and

Ag, and for Al, respectively. In the same table
are shown the values of ~o adjusted using experi-
mental data, taken from Ref. 6.
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TABLE I. Values of the various quantities used in the calculation of the resistivity induced
by dislocations in Cu, Ag, and Al.

Metal

Cu
Ag
Al

Q
R

(A)

2.55
2.89
2.86

0.35
0.37
0.34

(cm-')

1.36
1.20
1.75

Dp
(10 atoms/cm )

0.85
0.58
0.60

Resistivity
per dislocation

(10-"nn cm')

1.3
1.9
1.8

tp

2.83
3.62
5.52

~Reference 7. "Reference 6.

The resulting structure factors calculated with
these parameters are shown in Fig. 1. In the fol-
lowing, we assume that such structure factors can
be used to estimate other transport coefficients.

The values obtained for the resistivity per dislo-
cation within the continuum theory (with r, =0) are
p~, =0.017& 10 "ngcm', pc, =0.020& 10 ' ng
cm', and p~y =0.011& 10 ' nQcm'. We see that
the purely continuum model underestimates the
resistivity by a factor ranging from 50 to 100.

IV. CESR LINEWIDTH

The conduction-electron-spin resonance (CESR)
relaxation time T was calculated for Cu, Al, and

Ag, using Eq. (14) of Ref. 2, which is valid only

25—

Cu

within the free electron model. The core-electron
wave functions of the ions in the metal were ap-
proximated by the atomic wave functions tabulated
by Herman and Skillman. " The structure factors
S(tf) given by Eq. (10), with the corresponding val-
ues of r, (Table I) which reproduce the correct re-
sistivity, were used. The results are presented in
Table II together with the experimental values.

The same theory was used to calculate the
CESRLW of liquid Al at 700'C using the structure
factor reported in Ref. 27. The result is also re-
ported in Table II.

V. DISCUSSION

This calculation involves several approximations:
(a) The theory of Ref. 2 is appropriate for light
simple metals whose Fermi surface lies complete-
ly within the first Brillouin zone and where aniso-
tropy effects are not very important. These are
the cases of Na, K, and their alloys. " Although
with less accuracy, the theory may still be applied
to Ag and Cu. In the case of Al, the Fermi surface
extends up to the third Brillouin zone and aniso-
tropy effects may become very important. For
such cases the theory should be revised. It is not
possible to give a simple estimate of the order of
magnitude of the corrections to the present theory
due to anisotropy. However, for liquid Al, with
an isotropic Fermi surface, the above theory
should again be a good approximation. (b) The use

TABLE II. Experimental and theoretical CESR line-
widths for Ag, Cu, and Al.

Cold-worked z ddX experimental z ~ theoretical
metal (10-iP G cm2) (10-io G cm2)

0.4 0.80.6
(q/2k, )

FIG. 1. Static structure factors of Al, Ag, and Cu
per edge dislocation averaged over all directions.

I.O

Ag
Cu
Al

Liquid Al

Reference 6.

4.2
1.5
4.7

3.35
0.30
0.002

qAH=501 G
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of a single orthogonalized plane wave to describe
the conduction electrons leads to overestimates of
the spin relaxation time. The corrections should
be negligible for Al but they may be of up to a fac-
tor of 2 for heavier metals. " (c) It is assumed
that the model structure factor fitted to the resis-
tivity can be applied to estimate other transport
coefficients. This is not necessarily correct be-
cause the structure factor is weighted by different
functions in the calculation of the various transport
coefficients. However, the hollow-cylinder model
for the edge dislocations is not unreasonable and

we do not think that the use of a more-refined mod-
el will change the results in order of magnitude.
(d) The experimental data for p vs C used to obtain
the parameter r, may involve an error of 50/Oin

C due to the difficulty in counting the dislocations
under the microscope (they constitute a compli-

cated network).
In view of this, we consider that the theoretical

results for the CESRLW of Cu and Ag are in agree-
ment with the experimental values within the theo-
retical approximations and the experimental er-
rors. However, there is a large discrepancy in

the case of Al. We think that it is mainly due to
the highly anisotropic Fermi surface of Al, whose
effects are not described by this theory. A possi-
ble test of this conjecture is to compare the pre-
dictions of this theory for liquid Al with experi-
mental data.

ACKNOWLEDGMENTS

We acknowledge fruitful discussions with Profes-
sor P. Monod, Professor F. Beuneu, and Pro-
fessor E. Campesino.

~Work partially supported by CONACy T (Mexico) (Con-
sejo Nacional de Ciencia y Tecnologia) and Research
Corporation (USA).

G. Baym, Phys. Re'v. 135, A1691 (1964).
2R. A. B. Devine and J, S. Helman, Phys. Rev. B 4,

4384 (1971).
L. Van Hove, Phys. Rev. 95, 249 (1954).

4M. Greene and W. Kohn, Phys. Rev. 137, A513 (1965).
~There is, however, extensive literature on small-

angle x-ray scattering: J. Appl. phys ~ 30, 601 (1959).
F. Beuneu and P. Monod, Phys. Rev. B 13, 3424 (1976).

7For a review on dislocations, see for instance,
J. Friedel, Dislocations (Addison-Wesley, Reading,
Mass. , 1967).
J. S. Koehler, Phys. Rev. 60, 397 (1941)~

R. M. J. Coterill and M. Doyama, Phys. Rev. 145, 465
(1966).
J. W. Martin and J. M. Ziman, J. Phys. C 3, L75
(1970).

~~J. S. Koehler, Phys. Rev. 75, 106 (1949).
J. K. Mackenzie and E. H. Sondheimer, Phys. Rev.
77, 264 (1950).
R. Landauer, Phys. Rev. 82, 520 (1951).

4D. L. Dexler, Phys. Rev. 86, 770 (1952).
'S. C. Hunter and F. R. N. Navarro, Proc. R. Soc.
A 220, 542 (1973).

' W. A. Harrison, J. phys. Chem. Solids 5, 44 (1958).
'VA. B. Bhatia and O. P. Gupta, Phys. Rev. B 1, 4577

(1970).
' R. A. Sacks and J. E. Robinson, Phys. Rev. 13, 611

(1976).
~For a discussion of this approximation see Ref. 7, p.
22.
A similar treatment for the continuous model was done
by H. H. Atkinson and P. B. Hirsch, Philos. Mag. 3,
213 (1958).

'We disregard second-order dilatation effects, see
H. Sthele and A. Seeger, Z ~ Phys. 146, 217 (1956).

2See Ref. 6; and A. H. Cottrell, Theory of Crystal Dis-
locations (Gordon and Breach, New York, 1965).

3We assume that the dislocation extends all through the
sample.
John A. Moriarty, phys. Rev. B 6, 1239 (1972).

5W. A. Harrison, Pseudopotentials in the Theory of
Metals (Benjamin, New York, 1966).
F. Herman and S. Skillman, Atomic Structure Calcula-
tions (Prentice-Hall, Englewood Cliffs, N. J., 1963).
N. W. Ashcroft and L. J. Guild, Phys. Lett. 14, 23
(1965).

28J. S. Helman and R. A. B. Devine, Phys. Rev. B 4,
1153 (1971);and 1156 (1971).


