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I. INTRODUCTION

The concept of electromigration (or electrodif fusion,
electrolytic migration, etc.) covers a range of phenomena
associated with the directed displacement of the components
of a solution when an electric current is passed through the
solution. Since a real substance, even when chemically
pure, in general consists of a solution either of different
isotopes or of defects of different types in a matrix (vacan-
cies, displaced atoms, etc.) and, moreover, contains acti-
vated complexes in a transition state, the phenomenon of
electromigration may be and is observed even in pure sub-
stances.

The magnitude of the electromigration effect depends on
various factors: the nature of the solution, the magnitude
of the electric field, concentration, temperature, and other
parameters. Since the directed displacement (migration)
during electromigration (e.m.) takes place due to and by
means of the random diffusion movements of individual
particles, the direct relation between the elementary acts
of diffusion and e.m. is obvious. If the external electric
field applied to the system is weak compared with the
atomic field, the role of the external field is merely a
certain ordering of the individual elementary acts of diffu-
sion but does not lead to a change in the mechanism of the
acts themselves. This feature is related to the fact that
a weak external field may be regarded as a perturbation
which alters the number of particles undergoing migration
with the field and against the field but does not influence the
frequency of these displacements. The frequency of the
displacements may depend on the external field when the
change in potential energy associated with the displacement
of a charged particle and its environment in the external
field becomes comparable with the activation energy of the
diffusion process. For this it is necessary to use a field
with an intensity of 107-108V cm"1, which is hardly possible.

The elementary act of diffusion is a fairly complex pro-
cess, particularly in metals. A charge introduced into
a metal should be screened by the conduction electrons.
These screening electrons are usually not localised close
to the central charge (impurity ion) and they cannot be
regarded as moving behind the central charge like the rigid
sheath of an ion. Thus the elementary act of diffusion in
a metal involves not only the displacement of the charged
impurity ion but also the redistribution of the conduction
electrons in space, leading to more or less complete screen-
ing of the ion throughout the whole path of the displacement.
In the case of electromigration, these processes take place
together with the passage of current through the metal, so

that the interaction of the ion itself and the screening charge
with the stream of conduction electrons becomes significant.
As a result of all these features, the electromigration effects
characterise not only the charge of the ions of the compo-
nents of the solution but also the state of the conduction
electrons and the interaction of the former with the latter.
Thus the study of electromigration makes it possible to
investigate not only the electrical properties of the diffus-
ing particles but also the mechanism and characteristic
features of the elementary act of diffusion itself.

The phenomenon of e.m. has recently become one of the
most widespread means of studying ionic crystals and
semiconductors. In the case of ionic crystals this is due
chiefly to the fact that in these crystals the e.m. (ionic
conduction) is responsible for the electrical conductivity of
the substance and is a property which is extremely sensi-
tive to the formation of charged complexes, defects, etc.,
in the crystal. The study of e.m. in salts is facilitated
by the possibility of producing intense electric fields
(104-105 V cm"1). The study of e.m. in semiconductors
makes it possible to establish the sign and magnitude of
the charge on the impurity, which determines its action
as an alloying additive (donor or acceptor behaviour). In
view of the importance of impurities in metallurgy and in
semiconductor physics, the study of e.m. in these materials
is being widely developed.

Unfortunately, insufficient attention is as yet being paid to
the study of e.m. in metallic systems. This is due partly
to the fact that the magnitude of e.m. in metals is relatively
low (the transport numbers of ions in metallic solutions, in
the most favourable case, amount to 10-4-10-5 mole x
x faraday"1). In addition, the lack of a satisfactory theory
of e.m. is hindering considerably the development of experi-
mental work in this field. Only in recent years has interest
in the study of e.m. increased, chiefly in connection with the
discovery that it is possible to separate isotopes by means
of e.m. in liquid metals. Work has also begun on the study
of e.m in solid metallic solutions and pure metals, chiefly
in the USSR. A characteristic feature is the effort to
advance from qualitative on semi-quantitative studies to a
precise quantitative characterisation of e.m. It should
be noted, however, that until recently the interpretation
of the results of e.m. measurements were oversimplified.
Einstein's relationship between mobility and diffusion coef-
ficient makes it possible to use the rate of movement of an
impurity in an electric field to determine a certain charac-
teristic with the dimensions of charge — "the effective
charge" — whose magnitude is determined not only by the
charge of the diffusing ion but also by all the interactions
between this ion and the surrounding system of ions and
electrons. In earlier work, however, this effective charge
was identified with the "true charge" of the ion, and on
this basis far-reaching conclusions were made regarding
the nature of the interaction in solutions, etc. The posi-
tion has recently changed somewhat. In the study of e.m.,
allowance is now being made for the so-called "electron
wind", that is, the interaction of the stream of electrons
(the electric current) with the impurity ions. These and
other features complicate considerably the picture of diffu-
sion migration in an electric field and make the interpreta-
tion of experimental data difficult. In particular, there is
as yet no reliable method for calculating the "true charge"
of an ion from the magnitude of the effective charge during
electromigration in solid solutions.

In the study of e.m. in liquid metallic solutions, the posi-
tion is even less satisfactory. Despite much work carried
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out in this direction, there are very few trustworthy experi-
mental data. This is due to the unreliability of the procedures
used. The chief factor leading to incorrect results is appa-
rently convection produced by the high current densities,
heating of the alloy, and the influence of density gradients
produced during electromigration.

Generally speaking, liquid solutions provide a simpler
object for study than solid solutions. Since the activation
energy of diffusion in liquid metals is smaller by about
one order of magnitude than that in solid solutions and is
close to the energy of the thermal movement of the atoms,
the difference between the ground state and the transition
state for a liquid is apparently of little significance. It is
then possible, as a first approximation, to neglect the dis-
continuous nature of diffusion migrations and to take as a
basis a model of electromigration according to which the
impurity ion drifts at a constant velocity in a viscous liquid
under the influence of an electric force. This treatment
avoids the difficulties associated with a detailed examina-
tion of the immediate environment of the diffusing ion and
facilitates the interpretation of experimental results.

Experimental work has revealed a fairly distinct bound-
ary between e.m. in liquid and solid metals. This boundary
apparently does not indicate any fundamental difference in
their behaviour, but certain qualitative differences are evi-
dent. The main reasons for these differences may be
assumed to be the absence of a rigid lattice in the crystals
and, as already noted, the appreciable difference in the
activation energies of diffusion. A position has thus arisen,
in which studies in each of the two fields are carried out by
different methods, and different results are obtained. The
investigation of the reasons for the differences should lead
to a better understanding of the mechanism of diffusion in
both cases.

The present review deals with the results of the study
of e.m. in liquid metallic solutions.

Π. PHENOMENOLOGICAL DESCRIPTION OF ELECTRO-
MIGRATION IN LIQUID METALS

The first attempts to give a quantitative description of
e.m. for the particular case of extremely dilute binary
metallic solutions were made by Wagner1 and Schwarz2.
Wagner introduced the mobilities of the solvent and im-
purity Mj and u2, the coefficients of self-diffusion of the
solvent Dx and diffusion of the impurity D2, the charges of
the ions of the solvent zte and impurity z2e, where e is the
charge of the electron. The velocities of the ions in a
field with intensity 1 V cm"1 are

300 300 (1)

Wagner introduced the transport number of the impurity
t2 as the increase in the mole fraction of impurity at the
cathode, related to a constant number of moles of the mix-
ture at the cathode and divided by the number of equiva-
lents of charge passed. Using Einstein's relationship

Wagner obtained1,3

U _ 96500 z,£>, — z1D1 Nedl /ov

W3 300 κ «TV ^ '

where N2 is the mole fraction of the impurity, κ the con-
ductivity of the solution in Ω"1 cm"1, Ν Avogadro's num-

ber, dx the density of the solvent, Ax its atomic weight,
R the gas constant, and Τ the absolute temperature.
Wagner used formula (3) to calculate the values of t for a
number of amalgams, taking zx and z2 equal to the chemi-
cal valencies.

Wagner's treatment of e.m. in liquid solutions cannot be
regarded as satisfactory, for the following reasons.

1. If diffusion processes take place in a liquid, in most
cases it is rational to select a system of taking readings
which is related not to the liquid but to the vessel contain-
ing it. The total volume flow (the flow of particles multi-
plied by their volume) due to the diffusion of each component
should then be equal to zero. In this case the kinetics of
the process would be determined not by the two diffusion
coefficients Dx and D2 but merely by a single hetero-diffu-
sion coefficient D = DXN2+ D2Nl (see, for example, Bela-
shchenko5 and Wagner6).

2. The ions in the solution are influenced not only by
the force of the field Ff = eEz, where Ε is the field inten-
sity, but also by other forces. In actual fact, in the pre-
sence of only field forces, all the ions of the solution or
pure metal as a whole would be influenced by a force not
equal to zero. Because of the electrical neutrality of the
conductor, however, the passage of current through it
should not lead to the production of a resultant force. It
is therefore necessary to take account of other forces in
addition to the field forces, and these should not be internal
forces (of the type exemplified by Stokes' frictional forces),
since the resultant of internal forces is equal to zero. These
additional forces are produced by the interaction between
the ion subsystems and the conductivity electrons. More-
over, it is necessary to take account of the interaction be-
tween different types of ion subsystem.

Schwarz2 examined the problem of e.m. from a different
viewpoint, making use of the analogy between the behaviour
of charges in an electric field and that of particles of dif-
ferent mass in a gravitational field. A mass immersed in
a liquid is acted upon by a displacing force. By analogy,
when current is passed through a metallic solution, each
impurity ion is acted upon by "an "electrohydrostatic force"
proportional to its volume and the solvent charge density.
The charge densities of each component are

«i = ^ . ; aa = ^ - , (4)

where vx and v2 are the partial volumes of the solvent and
impurity ions. Since the electrohydrostatic force opposes
the field force (otherwise the components would not accu-
mulate at the electrodes during e.m. but would be deposited
on them), it should be directed towards the anode. Thus
the impurity ion is acted upon by two forces: the field force
F{ = eEz2 and the electrohydrostatic force

(5)

which can be calculated from Archimides' law.
resultant force is

F* = Fi- Feh = Evt (α, - on).

The

(6)

By using Einsten's relationship and taking the solvent as
the fixed system of coordinates, Schwarz obtained

96 500
300 RTA.

— ι -= =· ι v», (7)

The values of ζ in Schwarz1 treatment are arbitrary and
are not equal to the ordinary chemical valencies.
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Schwarz' treatment is also unsatisfactory, although it is
better than Wagner's method. Schwarz does in fact take
account of the existence of a force acting in a direction oppo-
site to that of the field force, but he arbitrarily assumes
that it is proportional to the volume of the ion. With this
assumption, the total force acting on all the ions of the solution
is again not equal to zero, and the condition of mechanical
equilibrium between the current and the conductor is broken
down.

Wagner6 showed that Schwarz' introduction of the "elec-
trohydrostatic force" is equivalent to the statement that in
the solution the quantities of equal magnitude are not the
transport numbers of each of the two components, as in
Wagner's work1, but the volume streams of the ions of each
type, and this provides a more satisfactory description of
the properties of the liquid. Wagner6 also pointed out that
no method has yet been found for determining the charges of
the ions zl and z2 (that is, for taking account of the inter-
action between the ions and the stream of electrons) and
that formulae (3) and (7) are only approximate.

Drakin7 calculated the stationary state in a concentrated
binary solution on the basis of classical thermodynamics.
In the virtual transfer of one mole of the first component
from the origin of coordinates to the point I, the work of
transfer is

x = RT I n - , (8)

where a'o and a\ are the activities of the first component at
the origin of coordinates and at the point I. At equili-
brium, this work should be equal to the electrical work, so
that

RT\n — = (9)

where Δί7 is the potential drop on the given section, and F
is the Faraday. Similarly, for the transfer of one mole of
the second component in the opposite direction,

RT\n%=~AUz2F. (10)

Combining (9) and (10), Drakin obtained the stationary-
- state equation

3i _ inUL-

The transport number ti in dilute solution is given by

(ID

(12)

The method used by Drakin to calculate the stationary
state in e.m. was criticised by Baranowski8, who pointed
out that since the solution-current system is not an equili-
brium system but merely a stationary system, it is necessary
to apply to it the methods of not classical thermodynamics
but the thermodynamics of irreversible processes. This
criticism also applies to the theories of Schwarz and Wag-
ner.

Baranowski9»10 examined e.m. using Onsager's method.
Let us use the symbols Ik to denote the streams of the ions
of the components, and Ie to denote the stream of electrons.
We then have

/* = 2 LklXi + LkeXe .
ι

I. = Jj UXi + LeeXe (13)

where Lps represents the kinetic coefficients (Lps = Lsp),
η the number of components, and X the thermodynamic
forces

Xt = — grad μ* — e< grad φ,

X, --= - grad μ» + F grad φ, (14)
where μι is the molar chemical potential of the tth compo-
nent, et its molar charge, μβ the molar chemical potential
of the electron, and φ the electric potential. Allowance is
then made for the electrical-neutrality condition

η

c/C; — Γι-e — u · ^ •»·« /

1

where c is the concentration, and for the relationship be-
tween the flows of the components

(16)

where vi represents the partial volumes of the components,
and the quantities e\ are introduced from the formulae

We then have 10

Lke =

/* = V l « (XI- = X»+ e'tXe),

(17)

Ie = 2 ' %Lue't (Xk - = Xn) +
k=i 1=1 ^ vn '

X,. (18)

The case of an extremely dilute binary solution is then
taken. In this case

Xi = — grad μι — βι grad φ .

X2 = — e2 grad φ ,

Xe=F grad φ .

Introducing the symbol
(19)

(20)

Baranowski obtains for the stationary state (/j = /2 = 0) the
condition

_ £ · , (21)

where the subscript " 1 " refers to the impurity.

In diffusion in a metallic solution, an electrodiffusion
potential is produced

grad φ __ £ΐ_
F

(22)

where ti is the transport number of the impurity, equal to
Ijle when gradμ1 = 0.

The relationship between the diffusion coefficient, tlt

and E* is given by

(23)

where f1 is the activity coefficient.

According to Baranowski9»1 0, the quantity E* is the
characteristic transport charge and has the significance of
the "effective charge" of the impurity ions, calculated for
1 g-ion.

When e[ = 0 and ϋι = v2, Eqn. (21) becomes Drakin's
formula (11). In the case of solid alloys, where the con-
dition for the relationship between the s treams of ions can
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be neglected, the quantity E* becomes equal to eY - e\F —
see (20).

The quantities μι in (14) have the significance of the
chemical potentials of the ions. The final result — Eqns.
(21) and (22) — however, should contain the chemical
potential of the "neutral" component, whose relation to the
concentration of the solution is known from thermodynamic
data. Let us denote the chemical potential of the first com-
ponent (not the ion!) by the symbol μ*. We then have

(24)

since in solution we have the equilibrium

Thus

ith atom ϊ ± ith ion +"—(electron).
F

grad μί = grad μι + j - grad μ,. (25)

For a very dilute solution, however, gradμί> = 0, so that
grad μ* = gradμ1 and in Eqns. (21) and (22) it is possible to
replace μχ by μ£

An examination of e.m. in a two-component metallic
solution with any concentration at constant temperature was
made by Belashchenko and Zhukhovitskii11 for the particu-
lar case where vx - v2, i.e. I1 + I2 = 0. Onsager's equa-
tions were written in the form

Λ = LikXk (t, k = 1,2,3), (26)

where Ix and 72 are the streams of ions of the first and
second components, and 73 the stream of electrons (sum-
mation with respect to k). The forces X% are

dx dx

dx 3 dx'
(27)

where μ1} μ2, and μ3 are the chemical potentials of the indi-
vidual ions (not the atoms of the components!) of the first
and second types and of the electrons, elt e2, and e3 their
charges (in cgs units), χ the coordinate of the length of the
specimen, and φ the electric potential. The electrical-
-neutrality condition is of the form

(28)

where / is the density of the external current passing through
the system. From the condition II + I2 - 0, it follows n

that

L13 = - L2 (29)

The chemical potentials of the atoms μ* (which can be
measured in a thermodynamic experiment) were then
introduced11:

; = μ ι — ^.

(30)

Eqns. (30) are equivalent to Eqns. (24). Solution of sys-
tems (26)-(27) with allowance for (28)-(30) and the Gibbs-
Duhem equation gives the result n

h = ci«x£ — D-i,
dx

(31)

where μι is the mobility of the first component, Ε the field
intensity due to the external current, and Ε - I/x, where κ
is the conductivity. In e.m. the gradients of the chemical
potentials of the ion and electron are combined in such a
way that the diffusion (or electrodiffusion) stream depends,
in the final analysis, only on the gradient of the chemical
potential of the neutral atoms. This feature confirms the
familiar view that the measurement of the potential jump at
a phase boundary, not only by equilibrium measurements
but also by kinetic measurements, is impossible.

'effectiveBelashchenko and Zhukhovitskii n defined the
charge of the ion" e{ by the relationship

D .dine,
U e (32)

where a7: is the thermodynamic activity of the ith compo-
nent. This charge has a simple physical significance: if
a total moving force Fi acts upon the ith ion in solution,
we have

« = ·γ. (33)

where Ε is the field intensity due to the external current.
Thus the effective charge of the ion e* takes account of the
ordinary field force, the interaction of the ion with the
stream of electrons, the interaction of ion subsystems of
different type, etc. The factor dlnci/dlnai in (32) indi-
cates, as usual, the deviations of the properties of the
solution from ideal behaviour.

In the stationary state, Ix = 0 and11

dx kT
(34)

An analogous equation is applicable for the second com-
ponent. The effective charges are related to one another
by the condition that the total force acting on the whole of
the solution is equal to zero (the condition of mechanical
equilibrium)

t = 0. (35)

It was shown12 that Baranowski's formula (21) for the
stationary state in the case of an infinitely dilute solution
is equivalent to (34). In this case E* from (20) is equal to
Ne*, where JV is Avogadro's number.

In the case of diffusion in a non-uniform open specimen
we should observe an effect which is the opposite of elec-
tromigration — the production of an electrodiffusion poten-
tial (e.d.p.). The suggestion that an e.d.p. exists in metals
was first made by Lewis and coworkers 1 3. For the value
of the e.d.p. in the diffusion of an impurity from a very
dilute solution into pure solvent, Schwarz 1 4 obtained the
expression

RT
(36)

where tx is the transport number of the impurity and AU the
voltage between the solution and the solvent.

For the electric field in ordinary diffusion, the following
expression was obtained11

ftp _ _ ± £ ^ _ e * o _ d c J L / >

1 cj_\
dx e,, dx ' κ dx \ c, ) '

(37)

The first term on the right-hand side is the ordinary
"internal" contact potential difference, that is, the contact
potential difference when the jumps at the metal-vacuum
interface are independent of composition; the second term
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is the e.d.p. gradient. It can readily be shown that in the
case considered by Schwarz, (36) and (37) are equivalent.

An interesting feature is that the e.d.p. gradient has a
form which resembles Ohm's law. In actual fact, the

factor-D-3-1· in Eqn. (37) is equal to the flow of ions of the
dc I c \

first component; the factor - P - ^ e * 1 + — ) then des-
ox \ c2 j

cribes a certain effective current density produced by the
movement of the ions, and division of the current density
by the conductivity κ gives the corresponding field intensity.

The heat of transport was also examined by Thompson's
method u . It was shown that the heat of transport consists
of two parts: a term related to the transport of the elec-
tronic charge e1 - e2 (compensating the transport of the
ionic charges) from a point with one value for the chemical
potential of the electron to a point with another value, and
a term which describes the work of transport of ions with
definite effective charges in the field of the external cur-
rent Ε.

In this case the field and the electron stream perform
work (ef - e%)Edx, where dx is the path.

The results of this work11 were generalised15 for the
case of an arbitrary η-component alloy. The calculations
showed that the stationary distribution of each component
in any case is determined only by the effective charge of
the corresponding ion:

d In α(· e,£ (38)

The effective charges of the ions of different components
are related to one another by the expression [see (35)]:

2a<?;=0. (39)
1 = 1

Another approach to the problem of e.m. for the particu-
lar case of the separation of isotopes in an electric field
was given by Klemm16»17. If z% is the valency, ζϊ the
degree of ionisation, Ni the mole fractions, r^ the "coef-
ficients of friction" between particles of the zth and feth
types and vik - v% - vk the relative velocity of particles
of the ith and feth types, the conditions for equality of the
electric forces and the forces of friction for each type of
particle can be written in the form:

— tiZiF grad φ =
— ζιΖϋ/7 grad φ =
ζηζ/ grad φ = r

+
m + rniNtVnt. (40)

where the subscript 1 refers to the light isotope, the sub-
script 2 to the heavy isotope, and the subscript η to the
electrons. It is assumed that Tik - rki and zx = z2 - z.
We also have

= Np n = 1, Nn =

(41)

(42)

The subscript p is written where the difference between 1
and 2 is insignificant.

The solution of system (40) has the form

t'n _ III—It __ rv a" \ // j ι fn \
vpn \ lp rpn )/ \ zrpn I '

It was shown16 that

+ -ίϋΛ = . (43)

Klemm considers that this model cannot explain the experi-
mentally observed movement of the light isotope towards the
anode during electromigration and suggests that the ions of
each type may exist in two states — moMle (activated) and
immobile. It is then necessary, instead of the three equa-
tions (40), to write four equations: for the mobile ions of
the light isotope, the mobile ions of the heavy isotope, the
immobile ions, and the electrons. Using the subscript b
to denote the mobile ions and the subscript u to denote the
immobile ions, Klemm17 obtained

Np V
.

Nb ribtb\
N

n

 rbn I

The available experimental data on e.m. and diffusion in
liquid metallic solutions do not, however, give sufficient
grounds for accepting the hypothesis that the properties of
ions in the ground state and transition state differ signifi-
cantly. On the contrary, it has been shown18»19 that dif-
fusion in liquid metals is described satisfactorily by a
theory which differs from the Frenkel' -Eyring theory and
does not introduce the activation energy. Thus the question
of the extent to which it is necessary to allow for the dif-
ferences in the properties of the same ion at different
moments of time (that is, at different points in its path)
remains open. Nevertheless, the fact that the Stokes-
Einstein relationship

D = kT (45)

where c is the concentration of the substance ing-equiv. cm'

applies satisfactorily to metallic solutions (see, for
example, Ma and Swalin19 and Sobol'20) indicates that the
drift model is quite satisfactory. If this is the case, the
differences in the properties of the ions at different points
in its path can as a first approximation be assumed to be
insignificant. It is possible that this is not the case for the
effect of isotope separation by the e.m. method in liquid
metals. Unique features may also be produced in liquid
systems with strong interaction between the components
(with the formation of intermetallic compounds), particu-
larly at points close to the corresponding maxima on the
liquidus curves. This question requires further study.

In the transfer of ions in electrolyte solutions it is
necessary to take account of the relaxation and cataphoretic
effects. Effects analogous to these may be produced in
molten metals. In particular, the "electron wind" may be
regarded as essentially an electronic cataphoretic effect.
The relaxation effect, proportional to the rate of drift of
the ions, is apparently negligibly small in metals, since in
this case the fields which can be produced are weak. We
may also, however, have an ionic cataphoretic effect, that
is, entrainment of an ion during e.m. by the surrounding
ions. This effect was examined22 by the Debye-Fal'ken-
hagen method, with the assumption that each ion entrains
its first coordination sphere, which moves as a single unit.

In a completely disordered solution there is no ionic
cataphoretic effect, since the force acting on the first
coordination sphere is equal to zero. When a statistical
correlation exists, the second approximation of the theory
of solutions22 gives

*" = ' ' ( 1 + 1E^) ' («>

where e** is the apparent effective charge, e* the effective
charge taking account of only the "true charge" and the
interaction with the conductivity electrons, ΔΗ the enthalpy
of mixing of the given solution, η its dynamic viscosity, rc

the radius of the first coordination sphere, Ν Avogadro's
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number, and D the diffusion coefficient. Formula (46) is
applicable for Ι ΔΗ I « RT, when the quasichemical method
of the theory of solutions is applicable. Substituting D
from (45) and assuming that r/rc =* 1/3, we obtain22

e? ~ e] ( 2 A/A

3 RT ) '
(47)

Thus positive deviation from ideal behaviour should lead to
the inequality I e** I > ] e* I, and negative deviation should
lead to the opposite inequality.

In the case where 1 AH I > RT, it is fairly difficult to
take account of the interaction of ions of different type
during e.m. In this case, however, interesting effects
are observed, particularly the inversion of the direction of
e.m. at definite concentrations of the solution23. A solution
of the problem of the influence of the strong interaction of
ions in alloys on e.m. would be extremely useful.

III. METHODS OF STUDYING ELECTROMIGRATION IN
LIQUID METALS

The most common method involves the study of the
stationary distribution of the components of the solution in
a capillary. The liquid alloy is poured into the capillary
and direct current is passed through it until a stationary
state is established. The alloy is then cooled and analysed,
graphs giving the distribution of the components along the
capillary are constructed, and the electromigration charac-
teristics are calculated.

Studies have shown 24>25 that the position and shape of the
capillary have a very marked influence on the results of the
experiment. In particular, the straight horizontal capil-
lary used by Kremann and coworkers is unsuitable for the
study of e.m. During e.m., a density gradient is produced
along the capillary, leading to longitudinal convection; the
heavier layers of metal flow under the lighter layers. Increase
in the capillary diameter facilitates this process. Thus
the results obtained in horizontal capillaries of appreciable
diameter (1.5-3 mm) may be regarded as only qualitative.

Zigzag and spiral capillaries have been used2 4 '2 6"2 9 to
reduce convection. This precaution is inadequate, since
in the bends in the capillary, where the heavier component
should migrate upwards, an unfavourable density gradient is
created and convection is produced.

It is possible to estimate the part played by convection
from the time required for the stationary state to become
established. The order of magnitude of this time interval
is

x~l*/D, (48)
where / is half of the length of the capillary. For example,
for a capillary with length 40-50 cm and D ~ 10-5 cm2 s"1,
the value of τ is ~ 300-400 d. The observed values, how-
ever, are ro b s =* 20 h, 2 3 Tobe & 300-400 h, 27 and Tobs <*
^ 2000 h,2 4 that is, TObS « τ. Thus convection takes place
in spiral and zigzag capillaries, so that the effective diffu-
sion coefficient Ό&» D.

Straight vertical capillaries have also been used to
study e.m.2 5 '3 0"3 4. A vertical temperature gradient of
~ 0.5-1 deg cm"1 was produced with a heater, and the
direction of the current in the specimen was chosen in such
a way that the lighter component migrated upwards. These
precautions ensured a decrease in density from below
upwards, and this favours suppression of convection. Under
these conditions rObs =* r.35>36 For example, for a 40 mm
column of metal, TObs = 2 d.

The influence of free convection and surface phenomena
on diffusion was verified25 in studies which showed that
with change in the capillary diameter from 0.64 mm to
2.09 mm the diffusion coefficient of 113~123Sn in Pb at 350°
changes insignificantly. Thus under these conditions (small)
vertical temperature gradient, concentration of light com-
ponent decreasing from above downwards) free convection
can be suppressed. The same result was obtained in a
study of the effect of the e.m. of uomAg in liquid Pb and Sn
in capillaries with different diameters25.

An extremely important factor in the capillary method
is the current density. In work by Kremann and co-
workers23»37"47, a "saturation" effect was observed: at
high current densities (10-20 A mm"2 and above), the e.m.
became independent of current density; this was attributed
to the turbulent nature of the movement of the melt in the
capillaries. At low current densities (~ 1 A mm"2 and
below) the e.m. effect is proportional to the current den-
sity24»25.

It was established48 that the scattering of electrons at
the boundary between the molten metal and the walls of the
capillary should produce electroconvection, in which the
metal moves in the same direction as the electrons along
the axis of the capillary, and in the opposite direction at the
walls of the capillary. In this case the apparent effective
charge will be less than the actual value. Let us introduce
the symbol z* to denote the effective charge, expressed in
units of the charge of the electron e, that is, z* = e*/e. It
was shown25 that

ζ 0.48D0D
 λ ' \ η )

app

where Do is the coefficient of self-diffusion of the solvent,
e a coefficient defining the proportion of electrons under-
going mirror reflection from the boundary, d the diameter
of the capillary, η the concentration of free electrons, λ
the mean free path, η the viscosity, and Ε the field inten-
sity.

It was found22 that for the case of the e.m. of 60Co in
liquid Sn at 350° the dependence of z*/ztpp on E2 is in
fact linear up to a current density of 5.3 A mm"2. The
mean free path of the electrons, calculated from the slope
of this straight line, is 2.2 x 10~7 cm (with the assumption
that e = 0), which is of the same order of magnitude as the
value of λ calculated from the electrical conductivity of tin
(0.92 x 10"7 cm). The optimal current density in metals
of the type Sn, Pb, and Bi, at which electroconvection can
still be neglected, is 1-1.5 A mm"2.

In this connection it should be noted that work on the
separation of isotopes during e.m. in metals (the Haeffner
effect)49"52 is usually carried out at high current densities
(10-20 A mm"2 and above). This should lead to the develop-
ment of electroconvection, so that the results obtained in
this work can hardly be regarded as quantitative. The
marked influence of electroconvection is indicated by the
fact that the values of the effective diffusion coefficient in
liquid Rb, K, and In 52 varied from 2.5 x 10~4 cm2 s"1 to
10"3 cm2 s"1, that is, they are greater by 1-2 orders of
magnitude than the real values. To obtain accurate results,
it is necessary to carry out e.m. experiments at low current
densities.

Another possible mechanism of the influence of current
density on the e.m. effect was considered35: excitation of
laminar convection as a result of the heating of the metal in
a vertical capillary by the direct current. Since the tem-
perature at the axis is slightly higher than that at the walls
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of the capillary, the metal begins to rise along the axis and
to descend at the walls, leading to convective agitation. It
was found35 that

(50)
νγ

where R is the capillary radius, g the acceleration due to
gravity, β the coefficient of volume expansion, ρ the resis-
tivity, j the current density, ν the kinematic viscosity, and
γ the thermal conductivity.

The convection effect is extremely sensitive to the
radius of the capillary. It follows from formulae (49) and
(50) that for a radius of 1 mm and current densities less
than 10 A mm"2, the effect of electroconvection should be
more marked than that of thermal convection. At a radius
of 2 mm and j = 10 A mm~2, however, the decisive role
should be played by thermal convection (for common
metals). In this case the ratio z*/z* should be propor-
tional to j 4 and not j 2 . It is necessary, however, to take
account of the fact that the presence of rough areas on the
walls of the capillary or the existence of an immobile sur-
face layer of liquid should suppress electroconvection.

Other reasons for the convective agitation of melts in
capillaries during the passage of direct current have been
discussed53: these include electroosmosis54 and magnetic
movement resulting from conicity of the capillaries. It
was shown that convection and hence increased effective
diffusion coefficients may be produced by a magneto hydro-
dynamic effect at conicities of the order of 0.01 cm"1; the
effect is proportional to the current density to the fourth
power and the capillary radius to the tenth power. Unlike
thermal convection — formula (50) — which develops in
vertical capillaries, magnetohydrodynamic convection
should be observed for any position of the specimen.

When the stationary state has been reached and fixed by
cooling, the specimens are divided into sections and ana-
lysed, and a curve is constructed giving the dependence of
the logarithm of the thermodynamic activity of a given com-
ponent on the length along the axis of the specimen. The
effective charge z* - e*/e can be found from Eqn. (38)31>32.
The authors of the works cited restricted themselves to the
determination of the difference between the concentrations
at the ends of the specimens or the calculation of various
e.m. characteristics (for example, a constant27"29 forwhich
the name "electrodiffusion coefficient" was proposed), whose
relationship to the effective charge can be established.

An interesting feature is that the e.m. effect depends
little on temperature. Experimental work24»25»27»47 has
shown that change in temperature over a range of 100 deg
has no influence on z* (there are grounds for expecting z*
to show this behaviour, see below). The study of e.m. over
a wide temperature range would be extremely valuable,
however. Unique features in the behaviour of z* might
possibly be observed at temperatures close to the melting
point.

A direct determination of the rate of migration of an
impurity in an electric field has been carried out55»56. Two
identical capillaries, placed vertically and filled with mer-
cury, were used. Contacts were sealed to the upper ends,
and the lower ends were immersed in a dish containing
mercury. If current is passed through the specimens in
series, the two capillaries are heated to the same extent,
and a differential thermocouple with junctions fixed at cor-
responding points in the capillaries will show no readings.
If the mercury in one of the dishes is replaced by an amal-
gam, the impurity begins to migrate along the capillary and

alters the resistance of the mercury. The temperature at
different points in the capillary will then change as a result
of the change in power. At the moment when the diffusion
front reaches one of the thermocouple junctions, it will begin
to give readings. From a knowledge of the time required
for the diffusion front to move from the end of the capillary
to the point where the junction was situated, Schwarz cal-
culated the mobility of the impurities in mercury.

A feature of this method is that in the simultaneous e.m.
of several impurities, the latter move at different rates
and are separated in space, as in chromatography.

The mobilities of various impurities in mercury were
studied14 by measuring the electrodiffusion potential. To
increase the effect, Schwarz connected ten cells in series,
since the e.d.p. of a single cell amounted to 10-7-10-8 V.
The transport numbers of the impurities were determined
from formula (36). The e.d.p. effect in liquid alloys of tin,
lead, bismuth, tellurium, etc. has also been studied57»58.

A method was recently proposed for studying e.m. in
crossed electric and magnetic fields 59>eo. A gold amalgam
was placed in a 10 cm x 1 cm x 0.025 mm vacuum-tight
vessel. The electric current was passed in a direction
parallel to the 1 cm edge and a magnetic field with induc-
tion 5500 G was applied in a direction perpendicular to the
10 cm x 1 cm face. After passage of a current of 15 A for
6 days, the amalgam at one end of the long edge showed
threefold enrichment relative to that at the other end. The
effect was assumed to be due to the fact that the velocities
of the electrons directed at right angles to the electric and
magnetic fields were not equal to zero (in a second approxi-
mation) 6 0; the Hall field was assumed to be insignificant.

The force acting on the ion in crossed fields was calcu-
lated61. According to this calculation,

ΕχάΛΧ—^\, (51)

where z% and z0 are the true charges of the impurity and
solvent ions, Vi and v0 their volumes, and Ex the intensity
of the Hall field. Application of formula (51) to Knof's
results5 9 gives an absurd result for ζ for gold (of the order
of 104 units of electronic charge35). Calculations made by
Knof60 also give a value for the effect which is smaller by
two orders of magnitude than that observed in earlier work59.
Further studies are required to find the reasons for this
discrepancy. It is possible that in the earlier work59 a
characteristic multiplication effect operated, analogous to
that in thermal-diffusion columns.

IV. DETERMINATION OF THE EFFECTIVE CHARGES
OF IONS IN METALLIC SOLUTIONS

As pointed out above, in order to establish the signifi-
cance of the effective charge it is necessary to examine all
the forces acting on the ion of a given type. According to
Mangelsdorf62, it is necessary to take account of the fol-
lowing forces: (1) the ordinary field force; (2) a force due
to polarisation of the non-localised electrons by the field;
(3) a force due to polarisation of the electrons by the cur-
rent (the conductivity electrons are scattered on the ions
and should "push" the charge cloud screening the ion in
the direction of their movement; (4) a force due to polari-
sation of the surrounding ions by the field; and. (5) a force
related to the polarisation of the surrounding ions by the
current.

226



Vol.34 No.3 RUSSIAN CHEMICAL REVIEWS March 1965

Finally, if chemical forces operate between the impurity
ion and the surrounding solvent, an important factor, accord-
ing to Mangelsdorf6Z, is the ratio of the radius of influence
of these forces to the mean free path of the electrons, that
is, the number of collisions with ions undergone by an
electron scattered by the impurity in the sphere of action of
the chemical forces. Mangelsdorf62 did not give an ana-
lysis of the relative part played by these factors.

If the interaction between the ions of the components is

not significant (energy of mixing Δε = e12 — ^ — — « fcj^

where €{k is the energy of interaction of pairs of ions which
are nearest neighbours), the chief forces acting on an ion
in a metal during e.m. are the field force and the "force of
the electron wind" (forces 1 and 3 according to Mangels-
dorf62). The first of these is determined by the so-called
"true charge" of the ion and the second by the intensity of
the interaction of the ion with the current. To describe the
interaction it is more convenient to use not the coefficients
of friction rik introduced by Klemm16»17 but the cross-
-section for the scattering of electrons on the ions63.

Calculation of the interaction force of the electrons with
the current, carried out by Fiks64 for a free-electron
model (degenerate gas), leads to the expression

Fe = —eEnla, (52)

where e is the charge on the electron, Ε the field intensity,
η the concentration of free electrons, I the mean free path
on the Fermi level, and σ the cross-section of scattering
of the electron on the impurity ion. In the case of a pure
metal, ηΐσ = ζ, where ζ is the valency of the ion, so that
the force Fe is equal to the field force zeE with the oppo-
site sign; this satisfies the condition fnr mechanical equili-
brium of the specimen.

Fiks6 4, like Klemm17, assumed that it is necessary to
take account of the differences in the properties of the ions
in the ground state and transition state for e.m. in liquid
metals, at least for the case of the separation of isotopes.
For the total force acting on the zth ion in the transition
state ("activated ion"), Fiks 6 4 obtained

(53)

where zti is the "true charge" of the ith ion in the transi-
tion state, σ* the corresponding cross-section of scatter-
ing, ζ and σ the mean values of ζ and σ for all the com-
ponents of the solution. Thus for the effective charge the
following expression is applicable

Fl I -S'\
e, = ezi = — = elzt, — ζ -j

that is,

(54)

(55)

It was shown31 that relationship (55) can be obtained
directly from the condition for mechanical equilibrium of
the specimen (39). Here it was assumed that the dif-
ference in the electrical properties (z and σ) of different
ions of the same component is insignificant for e.m. in
liquid metallic solutions. Thus for a two-component solu-
tion the following expressions are applicable31:

N, (3,78 —

where z%, o%, and N% are the "true charge" of the zth ion,
the cross-section of scattering of the conductivity elec-
trons on the ith ion, and the mole fraction of the ith com-
ponent respectively. For a very dilute solution (N2 —• 0):

z* =^0, z* = ζ — ζ — (57)

Determination of the values of the true charges on the
ions of the components in different solutions would give
information on the type of bond and the distribution of elec-
trons close to the impurity atom, and would undoubtedly be
extremely valuable for the theory of the metallic state. On
the other hand, a knowledge of the cross-section of scatter-
ing is of interest for the theory of electrical conductivity,
the thermal conductivity of metals, etc. It can be seen
from (57)-(59) that it is impossible to calculate unambigu-
ously all the values of ζ and σ for the ions of the compo-
nents of the solution merely from e.m. data. It has been
shown30'31'33'34, however, that fairly reliable data on ζ and
σ can be obtained by studying e.m. in a series of suitably
selected solutions, for example, with a common solvent or
a common impurity.

To estimate the cross-section for scattering of the elec-
trons on the impurity ion σ it is possible to use the relation-
ship between σ and the influence of the impurity on the
electrical resistance of the solvent65'66

Δρ« = · (58)

where mvQ is the impulse of the electron on the Fermi
level, e its charge, Ni the atomic fraction of the impurity,
and Δρί the residual resistance due to the impurity. In
the case of liquid alloys, however, Eqn. (58) appears to be
unsuitable. According to (58), Δρ* should always be posi-
tive. For solid solutions this is almost always the case.
In the case of liquid alloys, however, positive values of Δρ
are encountered no more frequently than negative values.
This is due to the fact that in systems with low affinity of
the components (for example, in simple eutectic systems)
a tendency towards additivity of the resistivity of the alloys
is observed. The applicability of Eqn. (58) to liquid alloys
is thus doubtful.

Mott65»66 examined a solution of a multivalent impurity
in a univalent metal and used, to calculate σ, the ordinary
theory of scattering of electrons by a force centre with
spherically symmetrical field63. The form of the force
field was obtained by the Thomas-Fermi method as a
screened coulombic potential

φ = ^ β - * Γ , (59)

where Az is the difference in the valencies of the impurity
and solvent, β a screening constant, and r the distance
from the ion. Thus for the value of σ we have 6 5

η e* (Az)2

and

β"-»2

(60)

(61)

(56)

where e0 is the Fermi energy and ft Planck's constant
divided by 2π. Substitution of the value of β gives for \/y
the expression

1/0= 5.1xlO-W/., (61a)

where η is the concentration of free electrons and ζ the
charge of the ion.
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It was also pointed out65, however, that in metals the
electron density is insufficiently high for the Thomas-Fermi
method to be completely applicable. Kun87 calculated the
residual resistance for a solution of gold in silver; the
electron density was found by the Thomas-Fermi method,
and also by exact solution of the Schrodinger equation. The
two methods gave similar values for Δρ (0.16 μΩ"1 per
1 at. % Au), which showed poor agreement with the experi-
mental value (0.38 μΩ cm"1 per 1 at. % Au). According to
Kun67, the discrepancy is due to the fact that the free-
-electron model is not completely applicable to the pheno-
menon of electrical conductivity. The results given by
formula (60) are therefore only of the correct order of
magnitude.

The cross-sections of scattering for impurities in multi-
vale nt-metal solvents have apparently not been calculated.

V. RESULTS OF STUDIES OF ELECTROMIGRATION IN
LIQUID METALLIC SOLUTIONS

1. Electromigration in Amalgams

A number of studies have been made of the phenomenon
of e.m. in amalgams 13,14,23,24,43,46,55,56,68-72. S o m e of these
studies 13,14,24,55,56,72 p r o ( juced more accurate results than
the others, in which inadequate procedures made it impos-
sible to obtain reliable results.

Lewis and coworkers 13 found that traces of sodium and
potassium in dilute amalgams move towards the anode
during e.m., that is, exhibit a negative effective charge.
They therefore suggested13 that the alkali metal atoms
undergo chemical reaction with mercury, forming more or
less stable complexes which are the actual diffusion units.
These investigators noted13 a relationship between the
magnitude of the e.m. effect and the influence of the im-
purity on the electrical resistance of mercury. This cor-
relation led them to the conclusion13 that e.m. in amalgams
is due to "friction" between the complexes and the stream
of conductivity electrons.

The existence of "friction" between complexes and the
stream of conductivity electrons was suggested even earlier
by Skaupy73»74, in whose opinion these complexes should
also influence the viscosity, the conductivity being smaller,
the greater the increase in viscosity of mercury when the
impurity is added. If the impurity decreases the resis-
tance of mercury, it should move to the cathode during e.m.

Results obtained24 for amalgams of Na, Ba, Li, and Ca
confirmed this viewpoint (see Table 1). The movement of

TABLE 1. Electromigration of impurities in mercury1 and
their influence on the resistivity of mercury75.

Impurity

Na
Ba
Li
Ca

Composi-
tion, at. %

2-89
0.509
1.267
1.245

Current
density /',

A mm"*

0.43
0.36
0.35
0.4(1

Specific
a.m. effect,

Μ-

Ι.24
0.10

—0.11
—0.14

Increment in
resistance Ap/c,
μΩαη (at. % ) "

0.7
1.6*

—2.0
—3.51

Direction of
movement

towards the anode
towards the anode
towards the cathode
towards the cathode

complexes towards the cathode can be understood, however,
only if account is taken of the action of the ordinary field
force on the positive charge.

The results obtained by Schwarz by different methods are
summarised in his monograph14 and are given in Table 2.
The second column gives the values of the transport num-
bers at 25°, divided by the atomic fraction of the impurity.
The third column gives the values of the velocity of migra-
tion V (cm h"1) for a field intensity of 1 V cm"1. The
positive sign denotes that the impurity migrates towards
the cathode. An interesting feature is that the values of
the mobilities of the impurities in mercury, obtained by
three different methods (establishment of the stationary
state in a capillary, direct measurement of the velocity of
migration, and measurement of the e.d.p.) show satisfac-
tory agreement with one another 14, apparently indicating
that in Schwarz's measurements convection played little
part.

The fourth column of Table 2 gives the values of the
diffusion coefficients D for impurities in mercury at 25°,
measured by Schwarz76. We used this data and the relation-
ship

Wcm h*1) =
3600ez*D

300 kT
(62)

to calculate the effective charges z* of the impurities in
mercury (fifth column in Table 2). The sixth column gives
the values of the increments in the resistivity per 1 at. % of
impurity75.

It can be seen that for most impurities a relationship is
observed between the signs of z* and Δρ: a positive value
of z* corresponds to a negative Δρ, and vice versa. This
correlation is not observed for Tl, Pb, and Bi; the first
two undergo almost no migration in the field, and bismuth
moves on the "wrong" direction. The suggestion that there
exists friction between complexes and the stream of elec-
trons evidently does not make it possible to explain all the
phenomena of e.m. in amalgams.

The dependence of z* on Δρ/c (Fig. 1) constructed from
the data in Table 2, shows that most impurities can be
divided into groups, within which the relationship between
z* and Δρ/c is approximately linear. However, if we
construct the dependence of Δρ/c on the relative change in
volume on the dissolution of impurities in mercury, we find
that Zn, Cd, Tl, Sn. Pb, and Bi lie satisfactorily on the

TABLE 2. Electromigration in amalgams 14 and the
influence of impurities on the resistivity of
mercury75 at 20°.

* Taken from Lewis and coworkers .

Impurity

Li
Na
Κ
Cs
Ag
AG
Mg
Ca
Zn
Cd
Tl
Pb
Bi
Sn
Ga

10*t
— , g-atom

c
(at. fraction)" X

X faraday"1

7.5
— 7.8
—23
—79

40
27
63
—
77
64

1
1

—52
35
52

V, cm1 V* h*

0.41
—0.43
—1.3
—4.3

2.2
1.5
3.5

<0.2
4.2
3.5
0.0
0.0

—2.9
1.9
2.9

lO'D, cm2»"*

0.92
0.86
0.71
0.63
1.11
0.73

—
2.4
2.0
1.18
2.08
1.5
2.09

**

0.31
—0.43
—1.31
-4.87

< (

.43

.47

).l
.25
.25

0.0
0.0

—1.38
0.65

Λ /

μΩ cm (at. %'

—2.0
0.7
2.9

—3.7

—3.51
- 4 . 4
—3.7
—2.1
—5.8
—3.7
—6.5
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cm (at. %)"*

Fig. 1. Dependence of the effective charges
of impurities in mercury on the increments
in the electrical resistance.

same straight line62. The point corresponding to the
changes in volume and resistivity during the crystallisation
of mercury lies on the same straight line. This gave
grounds for the suggestion62 that the influence on the resis-
tivity of mercury shown by those impurities which lower
the resistance is that which would be expected if a certain
volume of mercury "crystallised" around the impurity atom.
This process leads to a decrease in resistance.

A noteworthy feature is that traces of Sn, Pb, and Bi in
mercury form a separate group in Fig. 1. The displacement
of the effective charges for these impurities towards more
negative values compared with the other impurities may be
due to the fact that, in addition to the above-mentioned com-
plexes formed close to the impurity atoms, other factors
also have an influence in this case, for example, the true
charge z. It is significant that Sn, Pb, and Bi are multi-
valent, whereas the other metals given in Fig. 1 are uni-
valent or bivalent (the properties of thallium resemble
those of a univalent metal). The large excess of charge on
the Sn, Pb, and Bi ions should lead to increased scattering
of electrons on the impurity ions and should therefore dis-
place z* towards more negative values.

The interesting phenomenon of inversion of e.m. was
observed in amalgams of Na, K, and Ba. 23>43 The experi-
ments were carried out in 20-80 cm capillaries with internal
diameter 0.4-1.6 mm, at 240° and current density 3-7 A mm-2.
The duration of the experiment was 70 h. It was found that
at impurity concentrations less than 15 at. % Na, 11 at. % K,
and 3.9 at.% Ba, the impurities move towards the anode,
whereas at higher concentrations they move towards the
cathode.

In these systems the interionic interaction apparently
has a significant influence on e.m. In the solid state a
whole series of intermetallic compounds is formed (BaHgn,
KHg3, KHg2, KHg, NaHg4, NaHg2, etc.)7 7, so that the
short-range order in liquid amalgams should show corres-
ponding characteristic features. There may be a change
(even in the sign) of the "true charge" of each ion. More-
over, in systems with appreciable interionic interaction,
the ionic cataphoretic effect discussed above may play an
important part.

2. Electromigration of Impurities in Alkali Metals

From the viewpoint of the theory of the e.m. of impuri-
ties in alkali metals, an extremely interesting feature is
that these metals are the simplest materials for study,
and it is possible to carry out quantitative calculations for
them; a number of studies have been made of e.m. in
alkali metals 27-29>35»78-80. Drakin and Mal'tsev27 studied
e.m. in the sodium-potassium system at 100° in bent capil-
laries and found that in this case inversion of the e.m.

takes place; at concentrations less than 48 wt.%, sodium
migrates towards the anode, and at higher concentrations
it migrates towards the cathode. Study of the e.m. of
traces of mercury (0.4 at. %) and lead (0.6 at. %) in liquid
potassium at 100° 2 8 showed that in both cases the impurity
migrates towards the anode, the e.m. effect being much
greater than that in the liquid systems previously studied.

The e.m. of traces of thallium in potassium (0.19 at. %),
mercury in sodium (0.6 at. % and 1.1 at. %), lead in sodium
(0.45 at. %), and cadmium in sodium (0.21 at.%) was studied
at 110° in a 15 cm capillary with internal diameter 2 mm.2 9

The capillary was bent to form a spiral, and ten platinum
leads were sealed into the walls of the capillary at equal
intervals to measure the electrical resistance. It was pos-
sible to measure the e.m. effect with sufficient accuracy
only for solutions of mercury in sodium and of thallium in
potassium. More precise data for Pb and Cd in Na, and
for Hg in K, were obtained later7 8.

The effective charges z* of impurities in sodium and potas-
sium, calculated from electrodiffusion coefficients 28>29>78

had the following values:

Solvent

Imparity

z*

Na

Hg

—18

Na

Pb

—27.2

Na

Cd

—7.3

Κ
Tl

—20

Κ

Hg

- 1 2 . 6

Κ
Pb

—22

It was suggested29 that the reason for such high negative
values of z* for impurities in sodium and potassium is the
entrainment of the particles of impurity by the stream
of electrons ("electron wind").

The e.m. of 115WCd and 204Tl in liquid sodium at 120°
(impurity concentration 0.5 wt.%) was studied35 in straight
vertical capillaries with a 50 mm column of metal and
internal diameter 1 mm. Electrodiffusion annealing was
continued for 20 days with the passage of a current with
strength 1.5 A through the specimens. The values found
for the effective charges of Cd and Tl in sodium at 120°
were -70 units and -55 units (accuracy ±15%). These
charges were calculated for specimens with favourable
direction of migration of the impurity (from above down-
wards).

The e.m. in a ternary K-Na-Hg system containing
46 wt. % Na, 50 wt. % K, and the rest Hg for different
annealing times at 30° was studied79 in a 77 mm vertical
capillary with internal diameter 1.67 mm. Ten sealed-in
platinum leads were used to follow the change in the con-
centration of the solution during e.m. It was assumed
that in a melt with the above composition, potassium and
sodium do not take part in e.m. (without allowance for the
mercury, the composition coincides with that for which
inversion of e.m. was observed27). The kinetic e.m.
curves gave for the diffusion coefficient of mercury the
value 1.16 x 10"5 cm2 s"1 and for the "electrodiffusion con-
stant" the value 1.82 x 105 deg V"1. This value corres-
ponds to an effective charge z* = -15. This value is
approximately equal to the mean of the values of z* for
mercury in sodium and potassium.

The results of the measurement of the e.m. of impuri-
ties in alkali metals can be compared with their influence
on the resistance of the solvent. Since the absolute value
of z* for the impurities is high in all cases, it may be
assumed that 1 ζ I « I z* 1. It then follows from (52) that

z'i^ — nloi. (63)
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From (63) and (58) we obtain

(64)

where Δρί is the change in the electrical resistance of the
solvent when the impurity is introduced, Ni its mole frac-
tion, and p0 = mvo/{e2nl) the electrical resistivity of the
pure solvent.

Values were obtained for Δρ for a number of impurities in
liquid sodium81. These can be used to calculate z*(calc).
These values of z* are given in Table 3, together with pub-
lished values28»29»35.

The values of z* obtained experimentally in spiral capil-
laries28»29 (Table 3) are much lower than the values obtained
in vertical capillaries35 and the values calculated from
formula (64). On the other hand, the results obtained in
vertical capillaries35 show satisfactory agreement with the
values of z* calculated from Eqn. (64). It may thus be
assumed that Eqn. (58) is applicable to dilute solutions
based on liquid sodium.

It is possible to verify the applicability of the Thomas-
Fermi model for the case of solutions of impurities in
sodium. The cross-section of scattering σ for impurities
with different ion charges in Na and Κ at 100° was calcu-
lated from Eqn. (60) 3 5 and the effective charges z* were
calculated from the formula61:

z' = z — nla (65)

(see Table 4). It can be seen from Table 4 that the calcu-
lated values of z* for impurities with an ion charge ζ < 2
have a reasonable order of magnitude, but that for ζ = 3
the calculation gives values of z* which are not observed
experimentally.

The use of the Thomas-Fermi method in this case is
hardly valid, since there is a fairly strong interaction be-
tween the atoms of the impurities Cd, Pb, Hg, etc. and the

TABLE 3. Effective charges of
impurities in liquid
sodium.

α.

Cd

τι
Hg
Sn
Pb

4.45

7.5·
6.0
9.5

10.8

Ο

%&

- 4 4
- 7 5
—60
—95
—108

- 7 . 3
__

—18

—27

*H

—70 ± Κ
—56 ± 8

—
—

TABLE 5. Effective charge of the
spherical nonconducting
complexes (radius = r)
in potassium and sodium
at 100°.35

10'r, cm

1
2
3

Effective charge

inpotatsium

—24
—97
—219

in sodium

—48
—192
—435

solvent. In the solid state, the alkali metals react with
heavy metals to form intermetallic compounds of the type
NaCd2, K2Pb, KT1, etc.7 7 This interaction leads to order-
ing of the solvent close to the impurity atom: the bond
becomes covalent or even partly heteropolar. The valency
electrons of the impurity will therefore not become non-
-localised in the usual sense.

It was shown22 that when the bonding is strong, it is
possible to use a model according to which the impurity
atom forms a stable complex with the solvent which behaves
during e.m. as a non-conducting sphere of radius r. In
this case8 3

σ = 4jira,

from which, in accordance with (63),

z* = — 4nnlr*.

(65a)

(66)

* By interpolation.

The calculated values of 2* for impurities in Κ and Na
(Table 5) show that the non-conducting sphere model gives
reasonable values of oz* when the radii of the complexes
have the values 1-2 A. The real radius should be about
twice this value. Thus the non-conducting sphere model
gives values of z* which are too high by a factor of ~ 2-4.
A possible reason is that the region inside the complex is
not Completely inaccessible to the conduction electrons, so
that the non-conducting sphere model is not applicable in
these cases.

The e.m. of oxygen in liquid sodium at 300° was studied80

in U-shaped Pyrex capillaries with broadened sections at
the ends. Extensive migration of oxygen towards the anode
was observed, amounting to several tenths of a milligramme
of oxygen for every 3600 C of electricity passed, at an
average oxygen concentration of ~ 5 Χ 10"2 wt. %· Calcu-
lation using formula (62) shows that the value of z* for oxy-
gen in liquid sodium has an order of magnitude of -104. If
these results are reliable, they may be explained by means
of the non-conducting sphere modeol. According to (66),
the value of z* is -104 for r «* 15 A, that is, the complex
should contain 100-150 atoms of oxygen and sodium.

TABLE

fo
r

p
u

ri
ti

Ν . E

1
2
3
4

1. Effective charges of im-
purities in alkali metals
at 100°, found by Thomas
Fermi method.

7
II

0
1
2
3

In potassium

2

em

0
2.27

10.7
25.8

1
—42
—207

In sodium

10" σ,
2

cm

0
1.34
6.16

15.3

z*

1
—49
—235

—

3. Electromigration in Various Solvents (Semiquantitative
Data)

Here we shall deal chiefly with the results of Kremann
and coworkers, but also some data obtained by others 26>82»83.
Kremann characterised the e.m. effect by the difference (Δ)
in the weight percentages of each component at the ends of
the specimens. The results which he obtained can be
regarded as only qualitative, because of the unsatisfactory
features of the procedure used.

Drakin28 made a special study of e.m. in eutectic tin-
bismuth and cadmium-bismuth alloys close to the eutectic
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point. If the initial state of the alloy is given by a point
close to the eutectic on the equilibrium diagram, the por-
tions of the alloy at the ends of the specimen during e.m.
may fall in two-phase regions of the diagram, as a result
of enrichment in one of the components. The correspond-
ing solid solutions or pure metals begin to separate from
the melt. It was shown26 that the e.m. method makes
possible the fairly satisfactory separation of the original
eutectic alloy into almost pure components, particularly if
the solid components have a higher resistivity than the
liquid.

The results obtained by Kremann and coworkers and by
other workers26»82»83 are given in Table 6. The sixth
column gives the components migrating towards the cathode,
the fifth column gives the current density.;', and the seventh
column gives the e.m. effect Δ.

Kremann84 tried to explain his results on the basis
of Skaupy's ideas7 3 regarding dissociation in metallic
solutions. According to Kremann, the more positive
component in the solution should be the one with the lower
ionisation energy; this component will also migrate to the
cathode during e.m. Kremann84 arranged the substances
which he studied in the following order:

BrSbHgPbSnZnCdCuAgAlNaK. (67)

A solution component lying to the right in series (67) should
migrate to the cathode during e.m.

Let us write in the same order the first ionisation poten-
tials of the atoms of series (67) (in eV):

7.25 8.35 10.41 7.37 7.54 9.37 8.94 7.67 7.58 5.94 5.09 4.32.

(68)

TABLE 6. Electromigration in liquid metallic alloys 2 e > 8 2 > 8 3 · 1 4 .

System

Ag—Al
Ag-Bi
Ag— Cu—Sn
Ag-Pb
Ag-Sb
Al—Sn
At—Cu
Al—Sn
Al—Au
Al— Fe—Sn
Au—Bi
Au—Pb
Au—Sb
Be—Cu—Fe
Bi—Cd
Bi—Pb
Bi—Sb
Bi—Cu—Sn
Cd—Pb
Cd—Sn
Cu—Sn
Cu—Pb—Sn
Cu—Pb—Zn
Hg—Na—Sn
Pb—Sn
Sb—Zn
Sn—Zn
Fe—C
Pb—Sb
Sn—Sb
Cd—Pb
Cd—Sn
Bi—Pb
Bi—Sn
Bi—Cd
Ag-Pb
Al—Cu
Cu—Sn

Tempera·
ture, °C

900

1000
1000

1050
800—1600

700
660
680
450
400

1050

240-400
300

1000
300
300

1000
1000
1000

240
350
620
400

1300
470

360
330

225—300

360—390

370—420

Concentration,
wt. %

50—80 Al
30 Ag

30 Cu, 1—11 Sn
50 at. %
10 Ag
16 Ag

50
58 at. % Sn

9 Au

50
50
50

10 Be
25-75
60 Bi
25—88

30 Cu. 2—20 Bi
40

25—75
50 at. %
1 Pb

1—5 Sn, 40 Na
37 Pb

53—61 Sb
50 at. X
2.6 C
13.5 Sb

3 Pb
20—30 Cd

entectic alloy

2 A g

3 Cu

Dura·
tion of
anneal-
ing, h

4
4

4
4

4

20

4
0.25

6.5
5—6

4.5

5—6.5

3—6.5

Current
density,
A mm"*

2.8
13.2

13.2
4.3

10
8

6

6
16
7.6

12.3
0.1
1.1

1.2—2.1
1

0.5—0.8

1

1—1.5

Component
moving to

cathode

Al
Ag

Ag, Cu
Ag
Ag
Ag
Cu
Al
Al
Fe
Au
Au
Au

Be (Fe)
Cd
Pb
Sn
Cu
Cd
Cd
Cu
Cu
Cu
Sn, Na
Sn
Zn
Zn
C
Pb
Sn
Cd
Cd
Pb
Sn
Cd
Ag
Cu
Cu

Effect Λ,
wt. %

15
3

2.6 Cu
4.2

5
2.5
4.5
5.4
0.4

2
3

14

65
42
40

30
6
6

10

11
75
12

0.11

0.6-1.1
1.3—2.6
3.9—6.6

0.84—1.08
2

1—3.3

Red.

•
45

38, 42
*
•

37
40

•
•
•
•
»
•
*

47
47
46

•
•

47
44

•
46
47
47
39
83
82
8!
82
82
82
82
82
82
82
82

No appreciable tendency towards a monotonic change in
ionisation potential is observed in series (68), so that the
sequence (67) proposed by Kremann is purely empirical.
Series (67) cannot explain all the observed e.m. data. For
example, Na and Κ in amalgams migrate to the cathode
only in sufficiently concentrated solutions. Sometimes
series (67) predicts incorrectly the direction of migration,
so that it may be assumed that the description of the direc-
tion of e.m. in different systems by a simple analogy with
the potential series is hardly possible.

4. Electromigration in Dilute Solutions Based on Cd, In,
Sn, Pb, Bi, Ag, Fe, Ni, etc.

The e.m. of traces of the radioactive isotopes β5Ζη,
u3-i232n, 115mCd, 72Ga, 210Bi, 75Se, «Ca, and uomAg was
studied in liquid lead, cadmium, bismuth, and tin30»85, in
40 mm capillaries with internal diameter ~ 1 mm, at a
current strength of 1.5 A, with duration of electrodiffusion
annealing equal to 15 days. An interesting feature is that in
most cases the value obtained for the effective charge was
slightly higher when the light component migrated upwards.
This means that the slight changes in density during e.m. in
dilute solutions are still able to produce weak convection
currents in the capillary. It can be seen from Table 7 that
the direction of e.m. in the systems studied agrees with
that found earlier by Kremann — see the "potential"
series (67).

A semi-empirical relationship which makes it possible
to explain the values of z* for the solutions studied was ob-
tained30. An attempt was made to calculate the effective
charges of the impurities in various solvents making the
following assumptions: (1) the cross-section of scattering
is proportional to the square of the "true charge" of the ion
(of both impurity and solvent); and (2) the "true charge" of
the ion is equal to the number of its group i in Mendeleev's
Periodic System. Thus from (57) we have

* = ζ , - ί ί · . (69)

The values of z* calculated from formula (69) are given
in the sixth and last columns of Table 7. The good agree-
ment between experiment and formula (69) is noteworthy.
Deviations from the calculated values are observed only
for silver and calcium. These results indicate that Bela-
shchenko's suggestions30 regarding ζ and σ for metallic
solutions are apparently correct.

From this it follows, in particular, that the model assum-
ing incoherent scattering of the conductivity electrons on
the force centres is applicable to the case of liquid alloys

TABLE 7. Effective charees of impurities in various solvents30'85.

S
o

lv
en

t

Pb
Cd
Bi
Od
Sn
BI

Impurity

element

Zn
Sn
Cd
Bi
Bi
Se

wt. X

0.04
0.41
2.53
4.75
4.8
0.085

Te
m

pe
ra

·
tu

re
,°

C

360
360
300
350
350
300

1
0.9

—5.4
1.36

-16.4
—0.8
—0.9

1.0
—4.0

1.2
—7.5
—1.25
—1.2

S
ol

ve
nt

Pb
Bi
Pb
Sn
Bi
Cd

Impurity

element

Se
Ag
A*
Ga

Ca·
Ca*

wt. X

0.05
0.001
0.001
0.1

?
?

fi
360
300
360
300
300
360

}
—2.9

0.14
0.4
0.7
0.4

- 3 . 0

—3.0
0.8
0.75
0.75
1.2
0

* Summarised results u . * Taken from Belashchenko35.

231



Vol.34 No. 3 RUSSIAN CHEMICAL REVIEWS March 1965

not only for the impurities but also for the solvent. Thus
the resistance of a pure liquid metal can be described not
by the approximation assuming scattering of the electrons
on phonons but by the approximation assuming incoherent
scattering on individual atoms. This conclusion agrees
with the almost linear behaviour of the electrical-resistance
isotherms in a number of simple binary eutectic systems.
When the electrical-resistance isotherm has a clearly-
-defined parabolic form, similar to that for solid solutions,
this may mean either that the coherence of the scattering is
largely preserved, or that the cross-section of scattering
for the components depends on the composition, or that the
scattering of the electrons by the ions is related not only to
the charge on the ion but also to other properties of the ion.
In the last case the cross-section may depend, for example,
on the difference in the volumes of the atoms of solvent and
impurity. In this case we would hardly expect that the
cross-section of scattering would be related in simple
fashion to the position of the components in Mendeleev's
Periodic System.

The behaviour of the noble metals silver and gold in
various solvents is of considerable interest, in view of
their increased electron affinity. The results of a pre-
liminary study of the e.m. of silver (Table 7) showed that
z* for silver differs significantly from that calculated from
formula (69). The effective charges of the isotopes nomAg
and 198Au in liquid Cd, In, Tl, Sn, Pb, and Bi at 350° were
determined25 in vertical capillaries with diameter 1 mm
and length of metal column 40 mm, at a current strength of
1.5 A. The results are given in Table 8 and Fig. 2 (the
values of z* for gold and silver in mercury at 25° are taken
from Table 2).

TABLE 8. Effective and "true" charges of noble metals in various
solvents25.

Solvent

z* for silver
z* for gold
ζ for silver
ζ for gold

Period V

Cd

—1.25
—2.2
—0.87
—1.3

In

—0.74

—0.6

Sn

—1.07
—2.0
—0.9
—1.5

Period VI

Hg*

1.43
1.47

>

Tl

0.64
—0.28

0.9
- 0 . 2 6

Pb

0.48·*
—0.10

0.56
—0.10

31

0.14
—0.18

0.14
—0.18

* Data from Table 2.
** More accurate value than that given in Table 7.

8Hg

Cd. _ - Λ —

-ο-" Sn

Fig. 2. Effective charges of traces of
gold and silver in various solvents.
• — z* for silver, Ο — ζ* for gold.

To find the "true charge" of the Ag and Au ions in
the solution25, it was assumed, as in other work30, that the
cross-section of scattering is proportional to the square of
the true charge. Eqn. (57) is then written in the form

*;=*,-.£, (70)

where zx is the Group number of the solvent.

It can be seen from Fig. 2 that the charges z* and ζ for
silver and gold change fairly regularly with change in the
Group number of the solvent within a given period of Men-
deleev's Periodic System. On going from solvents of the
Fifth Period (Cd, In, and Sn) to solvents of the Sixth Period
(Hg, Tl, Pb, and Bi), the charges of silver and gold change
significantly, becoming more positive in the solvents of the
Sixth Period. This change in z* is approximately the same
for silver and gold and amounts to 1.5-2 electronic charges.

The simple zone model, which assumes that the valency
electrons are free, does not explain this result. Accord-
ing to Friedel8 6, a local bound-electron level may be pro-
duced in metals close to an impurity atom if the ionisation
energy of the impurity atom is greater than the depth of the
potential well for an electron in the solvent. The produc-
tion of local levels should lead to the formation of neutral
impurity atoms or even negative ions. Since Pb has a
greater atomic volume, that is, a lower concentration of
valency electrons, than Sn, the Fermi energy in Pb is
smaller. If we assume that the work functions for Pb and
Sn are about equal, we find that the bottom of the potential
well in Pb is higher than that in Sn. Thus according to
Friedel8 6, the formation of local states is more probable in
Pb than in Sn, that is, an impurity should be more negative
in Pb than in Sn.

The data in Table 8 do not agree with this conclusion.
Since the above discussion is applicable not only to Sn and
Pb, the reasons for the deviation from Friedel's theory86

should be general for all the solutions studied. Either
this theory is inapplicable to multivalent solvents, or the
interaction of the impurity ion with the surrounding ions of
the solvent produces a significant displacement of local
levels, not taken into account by this theory.

The marked influence of the nature of the interaction be-
tween the impurity and solvent is revealed by examining the
equilibrium diagrams for the systems formed by silver and
gold with the metals of Periods V and VI.77 With metals
of Period V (Cd, In, and Sn), silver and gold form exclu-
sively diagrams with electron compounds and intermetallic
compounds, but with metals of Period VI (Tl, Pb, and Bi)
they form chiefly eutectic systems. Eutectic character in
a system A-B is usually associated with a positive value
for the energy of mixing

8 = 6AB (βΑΑ + «BB>, (71)

where €ik is the potential energy of the pairing interaction.
In systems with appreciable affinity of the components, the
energy of mixing is usually negative. Thus the increase in
the negative character of the charges of silver and gold on
going from solvents of Period VI to solvents of Period V
should be associated with a decrease in the energy of mixing
(on going from positive values of e to negative values)
or should even be responsible for this decrease. The
extremely incomplete data on heats of dissolution87 suggest
that these heats decrease on going from silver to gold and
from solvents of Period VI to solvents of Period V; in the
last case the sign of the heat of dissolution changes from
negative to positive.
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It can be seen from Table 8 that for the Ag-Sn, Au-Bi,
and Au-Pb systems the direction of e.m. is opposite to
those given in Table 4. This is apparently due to the
inadequacy of Kremann's procedures.

The e.m. of traces of 204Tl in liquid Cd, In, Sn, Pb, and
Bi was studied at 350°. ffi The values of z* for thallium
are given in Table 9. The dependence of z* for thallium
on the position of the solvent in Mendeleev's Periodic Sys-
tem is the same as that for the noble metals silver and
gold. Change in the Group number of the solvent again
leads to a small change in z* for thallium, and change from
solvents of Period VI to solvents of Period V is accom-
panied by a decrease in z* by 1.5-2 units. In the case of
thallium, however, there is no sharp boundary between the
types of equilibrium diagram which it forms with the metals
of Periods V and VI.

The fact that for e.m. in dilute solutions thallium behaves
like silver and gold is apparently related to the similarity
between the structures of the electron clouds of the Ag, Au,
and Tl atoms. The inner levels of these atoms have iden-
tical structures. The differences lie in the number of
valency electrons (5s1 for silver, 6s1 for gold, and 6s26pl

for thallium). The similarity between Ag, Au, and Tl
apparently indicates that the dissolution of thallium in a
metal is accompanied by an appreciable displacement of the
6s2 level, so that the corresponding electrons remain bound.

The influence of incomplete filling of the 3d level on e.m.
was studied32»34 for the case of solutions of 60Co and 63Ni in
Cd, In, Sn, Pb, and Bi at 350° in straight vertical capil-
laries with diameter ~ 1 mm at a current strength of ~ 2 A.
The length of the metal columns was 40 mm. The re-
sults3 2 '3 4 (Table 10) show that z* for the transition-metal
impurity depends to a marked extent on the Group number
of the solvent. It was suggested32 that the "true charge"
of the transition metal is the same in all solvents and that,
as before, the "true charge" of the solvent zx is equal to
its Group number li in Mendeleev's Periodic Table, and
σγ =* kz\. Eqn. (57) then acquires the form

2; = Z a - - 2 - . (72)

where z2 and a are constants which depend on the nature of
the impurity but not on the nature of the solvent. The plot of

TABLE 9. Electromigration of
thallium in various
solvents at 350°. 32

Solvent

z* for
thallium

Period V

Cd

- 2 . 1

In

- 1 . 5

Sn

—1.3

Period V I

Pb

0.4

Bi

0.-2

TABLE 10. Electromigration of
traces of 60Co and e3Ni
in various solvents at
3 5 0 o 32,34

Solvent

z* for
cobalt

z · for
nickel

Cd

- 2 2

- 8 . 4

In

- 1 2

- 4 . 7

Sn

- 6

- 2 . 8

Pb

- 1 1

_

3i

- 1 . 2

- 0 . 7

z* for the impurity against l/zx should be given by straight
lines. Fig. 3 shows that this relationship is satisfied fairly
well. The equations for the graphs in Fig. 3 are

z*(Co)=10- — , (73)

(74)

In all the solutions the predominant part in e.m. is played
by the "electron wind".

Two explanations for the unique features of the e.m. of
transition-metal impurities were put forward32»34. The
first is based on Friedel's concept88»89, according to which
the 3d states of the impurity electrons are raised into the
conductivity zone of the solvent and take part in resonance
with the valency states, so that the 3d cloud of the transi-
tion-metal impurity is "smeared out". To explain the high
value of the "true charge" of traces of Co and Ni — 10 and
3 according to formulae (73) and (74) — it was suggested32

that the 3d electrons taking part in the resonance behave
during e.m. in the same way as the valency electrons of
non-transition elements. This is also responsible for the
high values of the cross-sections of the scattering of elec-
trons on transition-metal impurities.

Another reason for the high negative values of z* may
be the scattering of the conductivity electrons on unfilled
states of the 3d level34. In this case the e.m. effect should
increase with increase in the number of unfilled 3d states 90.
It is suggested that an analogous mechanism is responsible,
in particular, for the increased electrical resistance of
pure transition metals9 0.

It can be seen from Table 10 that the cross-section of
scattering is approximately proportional to the square of
the number of unfilled states in the free Co and Ni atoms. If
we assume that the "true charges" of Co and Ni are small and
positive, we find from Table lOthat £*ΟΛΝΪ - σθο/ο"Μ = 2.5
(for solutions in Cd and In). The ratio of the numbers of
unfilled 3d states in Co and Ni is 3:2, however. It is
possible that the two mechanisms described are of equal
importance in the e.m. of transition-metal impurities.

The electromigration of impurities in liquid transition
metals (Fe and Ni) was studied91 at 1500-1600° with wire
specimens in quartz capillaries. A liquid zone of length
12-15 mm was produced by heating a section of the capil-
lary with the wire in a molybdenum spiral. The results
(Table 11) show that z* for impurities lying to the left of

-20 \-

-10

0.2 03 0.4 OS 03 -

Fig. 3. Dependence of z* for traces
of Co and Ni on the reciprocal of the
Group number of the solvent.
1) z* for cobalt; 2) z* for nickel.
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TABLE 11. Electromigration of im-
purities in liquid iron
(~ 1600°) and nickel
(~1500°).91

Solvent

Fe
Fe
Ni
Ni
Fe

Impurity

Mn
Ni
Mn
Fe
C

At. fraction
of impurity

0.005
0.08
0.10
0.02
0.016

z*

5
—4

56-76
15
11

the solvent in the Periodic System.are positive, the values
being greater, the further the impurity from the solvent.
The high positive values of z* for the impurities were
attributed91 to the influence of the "hole wind", that is, to
the scattering of holes in the 3d zone of the alloy on unfilled
states of the 3d level of the impurity or on the ions of non-
-transition impurities (C in Fe).

The e.m.of traces of Cu, Ni, Mg, Zr, Pd, and U in liquid
bismuth was studied92 at 500°. The method involved the
measurement of the quantity of impurity passing under the
influence of current from a large volume of solution into a
capillary with one end immersed in the solution (or in the
opposite direction). The concentration of impurity amounted
to 0.05-0.5 wt.%. The mobilities of the impurities (in the
order given above) had the following values (cm2 s"1 V"1):
-1.95 x ΙΟ"4, 5.0 x ΙΟ"4, -5.97 x 10"4, 2.61 x 10"4, 3.05 x
x 10"4, and 2.57 Χ 10"4 (the results for nickel contradict
those in Table 10). It was assumed92 that the e.m. method
can be used to separate the components of the solution.

Studies were made9 3 '9 4 of the e.m. of traces of sulphur
in molten cast iron (1340°, duration of heating 11-29 h),
length of specimens 35-40 mm, average composition 0.07-
0.11 wt. % sulphur, cast iron saturated with carbon) and
silver (1080°, duration of heating 12 h, length of specimens
35 mm, average composition 0.1% sulphur). The values
found for the effective charges z* were 1.5-2.4 for sulphur
in cast iron and -5.5-10.8 for sulphur in silver. These
results indicate that the electron wind plays a significant
part in e.m. in liquid silver, whereas in the case of cast iron
the forces of the field, the electron wind, and the hole wind
almost balance. The determination of the "true charge" of
sulphur in cast iron and silver on the basis of the data ob-
tained is difficult.

5. Electromigration in Binary Liquid Alloys

It was shown30 that e.m. in the simplest cases is des-
cribed satisfactorily by formula (69), that is, it agrees
with the suggestion that the "true charge" ζ is equal to the
Group number of the element ζ and with the proportionality
σ ^ kz2. The applicability of these assumptions for con-
centrated solutions was verified31»33 for the Cd-Sn, Cd-Bi,
Cd-Pb, and Bi-Sn systems. Formula (56) can be written
in the form

(75)

If zlf z2, and σ2/σχ are constant within a given binary sys-
l

tem, we have

It was found31»33 that e.m. in the systems studied is des-
cribed satisfactorily by equations of type (76):

in the cadmium-tin system

in the bismuth-cadmium system
1.81

in the bismuth-tin system

2.5/VB|

in the cadmium-lead system

(77)

(78)

(79)

(80)

(81)

σ,-^·)" 6, (82)

that is, the proportionality σ ^ kz2 is satisfied approximately,
but not rigorously.

The experimental values of z* for lead and tin in the cad-
mium-lead and cadmium-tin systems at 300° 3 1,3 3 are given
in Fig. 4, together with a curve calculated from Eqn. (75) on

/2\2.36

the assumption that zx = 4, z2 = 2, and <*Jax = (4 j [in

accordance with (82)]:

* H D " l - 0 . 7 8 A / C d *

These equations were used to find the ratios

tS±. =_-o.l 14; -̂ 2· = 0.644; —=0.519.
β Β ί σ Β· β Βί

It was shown31 that

zPb, &— " " ;
(83)

It can be seen from Fig. 4 that as a first approximation,
the agreement between calculation and experiment is satis-
factory. The discrepancy amounts to ~ 10%. The dis-
crepancy is slightly greater (40%) in the Cd-Bi and Bi-Sn
systems31. Thus the assumptions that the true charge is

»b,Sn

-δ

-4

-3

-2

-I

\

A
\\
\\

ΛΛ
-
-

\

\

Cd, ZD 40 60

at. % Pb

Fig. 4. Effective charges of tin and lead in
the cadmium-tin and cadmium-lead systems.
+ — z* for tin, Ο — ζ* for lead.

< 7 e )

1) Plot of 4b = -

1.222JVcd

~1 - 0.805-Ncd

- 2> P l o t o f
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equal to the Group number and that σ is approximately pro-
portional to the square of the charge apply fairly satisfac-
torily to simple eutectic systems.

On going to more complex systems, however, the hyper-
bolic relationship (76) no longer applies. For example, in
the Au-Sn system at 450°,33 z* for gold shows a maximum
in the range 20-30 at. % Au, but with further increase in
the gold concentration, z* decreases. In the Cd-Tl sys-
tem 35 the value of σ for thallium is anomalously high (3
times the calculated value). It is as yet difficult to dis-
cuss the results of e.m. in these systems, because of the
lack of experimental material.

6. Relationship Between Electrical Conductivity and
Electromigration in Liquid Metals

The relationship between the scattering cross-sections
responsible for e.m. and electrical resistance has been
examined33. If it is assumed that these cross-sections are
equal, it is possible to use the e.m. data and a knowledge of
σ2/σ1 to calculate the ratio of the electrical resistivities of
the corresponding pure liquid metals. The results M are
given in Table 12. In the absence of e.m. data, the ο2/σγ

values were calculated from formula (82). Table 12 shows
that the discrepancy between PexP and Pcaic is small for Pb,
Bi, Sb, Ag, Cu, and Na. An appreciable difference is ob-
served for Sn, Hg, and Al. The last two metals also
show anomalous behaviour in the jump in the values of ρ on
fusion95.

The results obtained indicate that the ratios of the cross-
-sections of scattering σ2/σ1 for the phenomena of e.m. and
electrical conductivity are fairly close. The electrical
resistivity of a liquid metal can evidently be regarded, as
a first approximation, as due to incoherent scattering on
ions.

It was shown33, however, that constant values of σ2/σ1

within a given binary system should not be observed if the
ρ isotherms show a maximum. An example of this is the
potassium-sodium system. It was observed29 that the
concentration dependence of the e.m. effect (with inversion)

is similar to the function -r^-(Fmean/p), where N2 is the

atom fraction of potassium, 7meanthe mean atomic volume
of the alloy, and ρ its electrical resistivity. The relation-
ship between e.m. and ρ for K-Na alloys was also examined
by Belashchenko33. It was found that in systems with a
maximum value of ρ it is more convenient, as in the case
of solid solutions, to consider the individual components of
the electrical resistance: the additive component and the
residual resistance, and also the corresponding components
of the cross-section of scattering σ. Simultaneous exami-
nation of the data for e.m. and ρ made it possible to deter-
mine the fraction / of the residual resistance correspond-
ing to all the sodium atoms in the solution33:

(84)

TABLE 12. Calculation of the electrical resistivity ρ of liquid
metals from e.m. data33.

The inversion of e.m. in the K-Na system is attributed33

quantitatively to the fact that the potassium ion (diameter
4.76 A) dissolved in sodium (diameter 3.82 A) distorts the
arrangement of the ions in several coordination spheres,
whereas the sodium ion dissolved in potassium influences
only its first coordination sphere.

7. Study of the Εlectrodiffusion Potential in Liquid
Metallic Solutions

The first studies of electrodiffusion potential (e.d.p.) in
amalgams were made by Schwarz14. The mobilities of the
impurities, calculated from the results of e.d.p. measure-
ments, showed good agreement with the e.m. data and are
given in Table 2.

The e.d.p. effect was studied ^,5 7,5 8 in liquid alloys of the
Pb-Sn, Bi-Sn, Bi-Cd, Bi-Te, and Na-Tl systems. In the
last two systems, marked deviations from ideal behaviour
were observed. In the solid state the components form
intermetallic compounds Na2Tl, NaTl, and Bi2Te3.

Since the magnitude of the e.d.p. is of the order of 10"e-
10"5 V, special precautions were necessary to eliminate
the Seebeck effect. The experiments were carried out in
glass capillaries of internal diameter 1 mm. The denser
component was poured into the capillary first, followed by
the second metal. The total length of the specimen was
20-40 mm. The heating was carried out in an oil thermo-
stat at temperatures up to 350°, or in a vacuum furnace;
the specimens were kept in a copper thermostat block. In
the measurement of the e.d.p., molybdenum leads sealed to
the ends of the capillary were connected to a galvanometer.

The initial values of the e.d.p. (after rapid heating to
the required temperature) were 1.5 x 10~6 V in the Bi-Sn
system at 280°, 5 x 10"e V in the Pb-Sn system at 375°,
5 x 10"5 V in the Bi-Cd system at 330°, 8 x 10"5 V in the
Na-Tl system at 310°, and 5 x 10~5 V in the Bi-Te system
at 590°. During the heating of the specimens, a sudden
decrease in e.d.p. was observed at the melting points of the
intermetallic compounds NaTl and Bi2Te3. During iso-
thermal treatment the value of the e.d.p. decreased smoothly
to zero as a result of the equalisation of the composition.

The results of e.d.p. measurements57»58 were used to
calculate the effective charges of the components. By
integrating Eqn. (37) with allowance for (76), we obtain35»58

e ^ <
I — b) In (1 — 6)

b '
(85)

Metal

Cd
Sn
Pb
Bi
Sb

ζ

2
4
4
5
5

T«np.. °C

321
232
327
269
631

1.00
0.45
1.09
0.77
0.79

| Metal

Hg
Al
Ag
Cu
Na

ζ

2
3
1
1
1

T.rnp., °C

0
658

10J0
1100

100

P.xp/Pealc

2.81

0.35
1 5 2
1.56
1.11

where the bar above the symbols denotes that the quantity
is averaged with respect to composition within the binary
system, V is the volume of 1 g-atom of the alloy, and z*0

is the value of z* as N1 -* 0. If we assume that σ2/σχ =
= {zjz^, where ζ is the Group number of the component,
we can use the value of the e.d.p. e to calculate z*0 and
compare these results with the e.d.p. results. Since the
averaging process is not sufficiently rigorous, the calcu-
lated values of z*0 are only approximate. Nevertheless,
these values of 2* show satisfactory agreement with those
found from e.m., with respect to both sign and magnitude96.
The calculation of z* for systems with intermetallic com-
pounds was not carried out, since in these cases the values
of D, V, and χ should depend to a marked extent on compo-
sition. The sign of the e.d.p. in these cases is given by the
rule according to which z* for the component with the
smaller Group number is positive — see Eqn. (69). The
high values of the e.d.p. in these systems indicate, however,
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that when there is a specific interaction between the ions of
the components, formula (69) may give marked deviations
from reality.

It was shown57 that the temperature dependence of the
e.d.p. is due chiefly to the change in the diffusion coeffi-
cient; this makes it possible to determine the activation
energy of diffusion Q in liquid alloys. For the Pb-Sn sys-
tem, the mean value of Q was found57 to be 7 kcal mole"1

with an accuracy of ~ 20%.

The results of the study of e.m. in liquid alloys of metals
of the type Cd, Sn, Pb, Bi, etc. make it possible to assume
that the "true charge" ζ is approximately equal to the Group
number of the given element in the Periodic System. In
other words, despite the small screening radii in metals
(less than 10 8 cm), the valency electrons of these elements
are almost completely delocalised for e.m. (and electrical
conductivity). This is evidently related directly to the
familiar Hume-Rothery rule. In the case of transition-
-metal impurities, the concept of "true charge" is more
complicated. Data on the migration of traces of Co and Ni
do not agree with the assumption that their 3d levels are
filled by the conductivity electrons of the solvent (so-called
donor-acceptor interaction).

In the simplest cases, σ depends on the Group number
of the element and is approximately proportional to the
square of the Group number. For systems with linear
electrical-resistivity isotherms, the scattering on the ions
of the components is found to be for the most part not a col-
lective act but a separate act. The presence of unfilled d
levels leads to an increased scattering of electrons. From
this it follows that the e.m. method is convenient for the
study of interaction in systems containing transition metals.
Filling of the sublevels should lead to a decrease in the
contribution made to z* by the scattering of the charge
carriers. Moreover, z* is extremely sensitive to specific
interionic interaction. The limiting case of a strong bond
is apparently exemplified by solutions of cadmium, etc. in
alkali metals, where it is possible to use the spherical-
-complex model. In these systems inversion of e.m. may
be expected.

In view of the similarity in the energetic properties of
liquid and solid metallic alloys, it may be assumed that the
"true charges" of the ions are similar in the two cases.
However, the mechanisms of the scattering of conductivity
electrons on the ions of the impurity and solvent are not the
same. Moreover, the values of σ for ions in the ground
state and transition state also differ 16>17>64. Thus other
relationships are to be expected for e.m. in solid solutions.

NOTE ADDED IN PROOF

It has been shown97 that traces of Tl, In, and Ba in
liquid Na move during e.m. to the positive electrode; how-
ever, traces of Sr and Ag, which do not form compounds
with Na, take almost no part in e.m. These results pro-
vide evidence in support of the model according to which
the complex is entrained by the electron wind. It has been
proposed98 that the characteristic features of interatomic
bonding in solutions be studied by a "probe" method, in
which the e.m. of an impurity with a known true charge in
the solution being studied is determined. The method was
applied to the Cd-Bi system; a trace of 1 1 3~1 2 3 Sn was used
as probe.
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