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The apparent effective charge Z** of 125Sh, 113Sn, 119Ag, 38Co, *Fe and *Mn has been measured
in polycristalline paramagnetic nickel, using the thin-layer technique. The atom transport appears
to be directed toward the cathode for all the investigated solutes. For left-hand impurities, this
effect is interpreted as due to predominant d-hole scattering on the impurity; for right-hand
impurities both the direct field effect and d-hole scattering have an influence on the direction of the

transport.

Introduction

When a direct electric current is passed through a
dilute alloy, the drift velocity of the solute ions is
related to the mean force Z** |e | & acting of them,
where Z** is the apparent effective charge of the
solute atoms, € is the electric field and le{ is the
absolute charge of the electron.
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Fig. 1. Typical concentration profile obtained with the thin- tn(c/cm)

layer technique.

This paper reports the results of measurements of
Z** in paramagnetic nickel for the following im-
purities: 125Sb, 113Sn, 110A¢ 58Co, 59Fe and 5*Mn,
using the thin-layer technique - 2.

In this technique, Z** is deduced from the shift &
of the maximum of the concentration profile from
the original welding interface as shown in Figure 1.

Z** =5kT/D*t|e|0oJ (1)
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where D* is the correlated diffusion coefficient of
the solute atoms, 0, is the host resistivity at the tem-
perature T of the experiment, ¢ is the diffusion time
and / is the current density. The D* ¢ product in-
volved in Eq. (1) is directly deduced from the shape
of the gaussian activity profile, the temperature
being measured with an optical pyrometer. When
the temperature dependence of D* is known, this
measurement of D* ¢ provides a check of the esti-
mation of the temperature.

The D*t product is corrected for the welding
time according to the usual relation:

D*t=1/4p—Dst, (2)

where p is the slope of the curve Inc = f[ (z — zy) 2],
¢ is the impurity concentration, Dy and ¢ are re-
spectively the diffusion coefficient at the welding
temperature and the duration time of the welding;
Zp, the position of the maximum, is obtained through
a least mean square deviation fit of the experimental
data to the linear relation Inc=/[(z—xy)?%], as
shown in Figure 2.
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Experimental Results

In the present electromigration experiments mea-
surements of Z** have been performed in high
purity polycristalline nickel (5 N). As the maximum
concentration of the tracer reduces to less than
100 ppm in the first hour of the runs, it is reason-
able to use in (1) the resistivity o, of pure nickel,
given in this temperature range by 2.

00(T) (u2-cm)=19.1+2.25%10"2T. (3)

In the determination of the current density J, the
thermal expansion of the sample is accounted for
using the linear thermal expansion coefficient *:

B(T)=1.28%1075+0.5x1078T.  (4)

Some values of Z** obtained in this way are
listed in Table 1. These values of Z** are plotted as
a function of 4" — A4, the difference between A’, the
atomic number of the solute and A, the atomic num-
ber of the solvent (Fig. 3), together with the value
obtained by Wever? for the self-diffusion of Ni.
Doan ¢ has shown that the apparent effective charge
of the solute must be corrected for “vacancy flow
effects” in order to obtain the true effective charge
Z* of the impurity. The formula giving Z* as a
function of Z** is:

Z* =Z** +aZy;*. (5)

Clearly, the vacancy flow effects arise from the
fact that the solvent atoms are submitted to a force
from the electric field. The coefficient a involves
some ratios of vacancy jump frequencies around the
impurity which are not known accurately in nickel
alloys. Then, the true effective charge Z* cannot be
deduced from the present measurements. Actually,
Doan 7 has shown that some information about these
ratios could be obtained from self-diffusion and im-
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Fig. 3. Apparent effective charge Z** as a function of
(A"—A), the difference between the atomic numbers of the
solute and the solvent.

purity diffusion electromigration experiments. Un-
fortunately, such experiments lack at the present
time although, together with standard electromigra-
tion experiments, they would allow a deeper insight
in the analysis of the electronic structure of the
moving ion.

Discussion of the Experimental Data

1. Direct electrostatic force

According to Bosvieux and Friedel 8, the total
electrostatic force on the impurity ion in a normal
metal is the sum of the force Z'|e|& on the ion
itself and of — (Z'—Z)|e|e, the force on the
screening charge, where Z is the charge of the sol-
vent ion (the number of conduction electrons per
atom), and (Z'—Z) the relative charge of the solute
ion with respect to the solvent.

The force acting on the screen is transmitted to
the ion, as if the screening charge were tightly
bound to the impurity ion.

Table 1. Apparent effective valence of 125Sh, 113Sn, 110A g 58Co, 59Fe, 5*Mn in paramagnetic Ni host.

T(X) t(10%s) J(Afem?) 6 (um) Z**1ix%g) Z¥*u3gn  Z¥Fuopg  ZFFssCg Z**50F¢ Z**54\[n
1630 3.89 2488 242 +3.9%0.7

1650 6.05 2253 413 +3.9%0.2

1623 6.96 2203 305 +3.9%0.2

1632 7.76 2365 25 +0.4%0.2

1650 15.50 2208 7 +2 %05

1650 7.42 2316 64 +2.3%0.5

1637 13.80 2098 59 +2.1+05

1630 12.90 2126 459 +3.1%0.5

1630 12.75 2274 521 +2.7%0.5

1650 6.07 2100 236 424102
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This approximation is clearly valid in a free-
electron model as the screen follows instantaneously
the ion in the course of its diffusion jump.

In a transition metal however, the screening oc-
curs mainly in the d-band, owing to the large density
of d-states at the FERMI level. In addition to local
field effects arising from the polarisation of d-or-
bitals, the screening and therefore the nature of the
force acting on the impurity ion are different ac-
cording as the valence of the impurity is smaller or
larger than that of the host metal:

a) In the case of impurities of smaller valence
than the solvent, the screening charge is almost com-
pletely localized on the impurity site ?. The diffusing
particle is then the ion surrounded by its complete
d-screen and the total electrostatic force is:

F,—c/|ele

where ¢, is the number of s-electrons per atom of
the solvent. This force is essentially of the same
nature as in the case of a free electron model.

b) For impurities whose relative valence with
respect to the solvent is small and positive, the same
behaviour is to be expected because there is a suffi-
cient number of empty states in the d-band to allow
a complete or almost complete screening on the im-
purity site.

¢) For impurities of larger valence however, a
small fraction of the screening occurs on the im-
purity site and the extra charge of the impurity ion
is screened by electrons in d-atomic orbitals of
neighboring ions. It is not clear in this case to what
extent the electrostatic force acting on screening
electrons attached to neighboring ions is transmitted
to the jumping impurity. Actually, the neighbors
themselves are also acted by this force and a part of
it is transmitted to the impurity through elastic
atom-atom interactions. Then, this direct electrostatic
force on the impurity may be written:

F,=Z |e|e+y(Z-Z')|e|e
where y is essentially the fraction of the total num-

ber of screening electrons attached to the impurity
ion itself.

2. Scattering of S and d carriers

The scattering of 8 and d carriers on the impurity
leads to a force which is calculated in this section.
We define the specific S(d) resistivity o' (04') of
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the impurity such that o' c; (04'c;) represents the
residual S (d) resistivity of an atomic concentration
c; of impurities:

__lms*l Qdic='md*’
! ng > le

1
Qs Ci= ne &2 Tsi ’ (6)
where ny and ng are respectively the density of §
and d conduction carriers, whose effective masses
are my* and mg*. In the definition of the relaxation
times 7' and 74!, four possible channels for the scat-
tering are considered: although the S resistivity
arises mainly from S-d transitions, we may define a
relaxation time 7' in the § band 1° as a function of
7.l and 7.4 the relaxation times for S-§ and s-d

scattering respectively:
1fed=1/zd +1fveq. (7)

The scattering relaxation time of the impurity in
the d-band is defined in the same way:

1/tdt =1/raa! + /7' (8)
Using the formalism given by Huntington 1! and
Fiks 12, we then calculate the total force n; F due to
the scattering of the carriers on the n; impurities

embedded in a unit volume of the dilute alloy:
1 | St 1*
{Js (ml ) +dg (n . )

el s

\Idi,

nF=— 9)

where J, and Jj are the current densities in the S
and d bands respectively. Defining j,=J;/J and
ja=Ja/l, the fractions of current contributed by
each band, ¢, and ¢y the number of atomic § and d
conduction electrons, it is straightforward to obtain
the effective charge Z..* due to the scattering of S
and d carriers on the impurity:
*

mg . 3 mg*
ms. l +Jaca 0a ‘ (10)

md* |
where g, is the lattice resistivity of the alloy. There-
fore, even in the presence of S-d and d-S scattering
the effective charge Z..* can be separated in two
independent § and d parts.

The s part of Z..* is negative but the d part is
positive, mg* being negative for a nearly filled d
band. Z..* is then the result of two opposite contri-
butions. It is well-known that in nickel j; is much
greater than j because of the high effective mass of
d holes, but ¢ is much smaller than ¢q owing to the
large density of states in the d band and the d part
may dominate the § part depending on the value of

Qdi/QSi'

TN .
Zsc*= = 00 7]5 Cs 0s'
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A detailed analysis of Z * is currently in pro-
gress following the work of Gomes !3. Furthermore
measurements of the specific resistivity of transition
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