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ABSTRACT

The cross effect between an ion flux and an electronic current in & nonstcichlometric binary

oxide, Amoy, has been analyzed in the light of irreversible thermodynamics, It has been shown that
a net flux of the mobile cation vacancy is induced through the system in an elecirical potential gradient
applied across a pair of the reversible electrodes, which makes the Fick frame shift relalive to the
laboratory frame. As a consequence, the relative shilt 15 a measure ot the effective charge responsible

for the cross effect. Two experiments are proposed {o measnre the shift.

INTRODUCTION ] ) ‘ )
gradient (electrochemical potential gradient,
Transfer of matter in a condensed system is more correctly) bul also indirectly by an elec-
caused not only directly by a concentralion tronic current passed, The former direct effect is

(243D



Han~Ill Yoo

usually called diffusion and the latter indirect
phenomenon, for elemental metal systems in
particular, electromigration or electroiransport.

This indirect phenomenon in a semiconduc-
ling compound is of practical and thecretical
importance. It may cause a material component
to fail in an extendsd period of service in an
electrical field in a similar manner that an oxide
material eventuaily fails in an oxygen potential
gradienl as extensively siudied by Schmalzried
and his coworkers[1-4, 11-13]. The extent of
the interlerence between a material flux and an
electronic electrical current is governed by a
quantity called the effective charge of the various
mobile components of the compound uvnder
consideration[5,6]. The effective charge of a
component seems to carry the information on
the innerworkings of the interaction between the
electronic defect and the ionic defect that
renders the component mobile, which is not
yel Tully understood.

Nevertheless, nol many studies have been
done on this cross effect in the ionic compounds.
As far as we know, no experimental work has
ever been made and only a few theoretical con-
sulerations in the light of linear irreversible ther-
modynamics[ 5-7] are available. In contrast, in
the systems of elemental metals 1the cross effect
electromigration has been studied experimentally
and the effective charges are reported even if the
sysiems siudied are extremely limited in number
[8-10].

In this paper we analyze the phenomenoen in

a binary oxide Als 0, as a model system in

view of irreversible thefnodynamms and subse-
quently a few experiments to measure the effec-
tive charpge are designed. This result may apply
to the other nonstoichiometric ionic compounds,

e.g. sulfides with minor modifications.

PHENOMENQLOGICAL EQUATIONS

Consider a svstem of a nonstoichiometric
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oxide A ¢ O, where 6 denotes the metal deficit
and ¥ = z)/|z;] 2; and z3 being respectively the
absolule valence of the cation and anion in the
ideal lattice AO, at T=OK. As is the case for
close-packed oxides[14], 1he mobility of the
anioh is so smaller compared wilh that of the
cation that the anion sublattice may be consider-
ed essentially fixed to the laboratory frame of
reference. Furlhermore, we assume that the
cation mobility is via a vacancy mechanism. We
may then distingunish as ithe mobile components

of our sysiem the cation, A”!, and the electron

(or hole), ¢’, relative 1o the anion sublattice-fixéd
frame of reference.

When our system is isolhermal and suhject
to no other external forces than an external elec-
trical field, the phenomenological equations for
the two mobile components are given, according
to lincar irreversible thermodymamics[35-7, 15],

as:

hi=LuvVy +LevVy {1
jz =Lz Vi Las V7 (2)

where the subscripts 1 and 2 denote A®!, and ¢,
respectively. The thermodynamic forces, the
electrochemical potential pradients of AZL and &
are denoted by vy, and v 5,, and their fluexes
in moles/c1n2—sec by i; and j,, respectively. The
phenomenological coefficients are represented by
L;;, which are symmetric due to the Onsager

reciprocity theorem[15]:

Lp = La 13)

From the analysis of self-diffusion[5, 161, it has
been well established that

Lyt = -DaCa/RT )

where DA and CA ate the self-diffusion coeffi-
cient and the molar concentration of the cation,
respectively, and R and T have the usual mean-
ing. Equation 4 will be invoked later when

NECESSATY.

&9l g3



Irreversible Thermodynamic Analysis of the Cross effect between Electron and lon Currents in
lopic Compounds with Electronic Conducton Prevailing

According 1o Eq, 1, a flux of the cation is
driven not only by its direct cause v 5, but in-
directly by vy, also, The latter indirect pheno-
menon is used to be called electromigration or
elecirotransport 1 the systems of elemental
melals. We may, thus, have a cation flux even
when =0 or vice versa an electron flux when
¥ 7 =0 due fo Onsager[15]. Combining Eq’s 1
and 2 with 7 5,=0, we have

j:i:(Llﬂlel) j]. (5)

In words, a flux of the electron is brought about
even by an ion flux alone, the direction and
magnitude of which is determined by the ratio
L,2/L,;. This ratio 15 defined as the “effective

charge™ of the cation[3, 61, ar :

ﬂ:f = le/Lu (6)

Insiead of ithe effective charge of the mobile
ionic component, we may define the effective
charge of the ionic defect which is responsible
for the mobility of the cation in question., Due
to the constraint of the local lattice conservation
in our system where the cation vacancy .s the

major defect type,

(T

i — ly
where jv denotes a flux of the vacancy with
reference to the anion sublattice-fixed frame.

Combining Eq’s 5, 6 and 7, we obtain
@8

. *
l: = — &y Jy.

The opposite of the ionic effective charge, 7,
may be identified with the effective charge of

3
the vacancy, o

{9

*
v o T

As a maliter of fact, if we started, instead of the
cation, with the vacancy as a mobile component,
we would then end up with the definition of
ay: j: =¥ iy.

11

ofttimes encounter the term, the averapge effec-

In the literature[7, 131, one may

#2549 A 3 (1988)
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tive charge, 1, ol e.g. the cation vacancy, which
has been estimated from the vacancy diffusion
NDV,

coefficient, Idy, with the help of the relation-
ship|11]:

coefficient, and the chemical diffusion

Dy = (1+0) Dy ()

But it is yet to be confirmed experimentally if
the so-called average effective charge is the very
quantily that is identical to the effective charge
defined above in Eg. 6. The average effeclive

charge is understoad literally as:

ﬁ:;[vﬂéjnxgzv;'e] i

where [Vi.] denotes the concentration of the
(cation} vacancy of the effective negative charge
of n.

Dune ilo the thermedynamic equilibrium,
A= A® + z1¢7,

Vpy= Va4 2V )

where g, is the chemical potential of the neutral
metal componeni A. Substituting for vy, in Eq’s
1 and 2 from Eq 12, we have

{13
{18

i1 =L11va_Z1L11 (11— 611*/:‘51:' Ve
ia :LzlvaJrLzz (1 —EICEL*LH /Lzz) Vg

The gradient of pa may be replaced by the
oxygen potential gradient Vp,(= v’uozjz)via
the Gibbs-Duhem equation for Alg OV with
& <&

VipatuvVpe =% pag,~ 1 or

R

Vpa = — 5 Vi,

Equations 13 ond 14 are, thus, rewritten:

1 == (0 /2) LuVp, — 2 La (1 —a/2) Vs (1B
ia =--(y/2) LZLVPDE'f"LH( 1 *Zlal*]—uﬂ-az) 200

MEASUREMENT OF THE EFFECTIVE
CHARGE

Suppose now that we put our system be-

tween the reversible electrodes as iltusirated in
Fig. 1.
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Pt 1, Pos1 | A,-;0.| Pod2), Pt (2

Fig. 1. Configuration of the cell to measure the

effective charge, & -

Bv keeping the ambient oxygen potential cons-
tant, say Po: (1)=Pa,(2), and applying an exter-
nal electrical potential gradient V¢ across the
svstem, we may realize an experimental condi-
lion:

Vpg, =0 ; Vg2 =—TV¢ {8
where F is the Faraday constant {96,500 coul).
Under this experimental condition, the transport
equations, Bq’s 16 and 17 become:

j1:21FLu(1_fIL*/ZI)V¢' {19

jr=—FLau (1 —zyaf Lu/Lu) V¢ e

The ratios -z, Fi, /¥ ¢ and Fiz/ vg in Ed’s
19 and 20 can be identified with the partial
jonic conductivity, o, and 1he partial electronic
conductivity, o, , respectively.

It is noted mn Eq. 19 that, being placed be-
tween the reversible electrods as shown in Fig. 1,
a net flux of the cation j; arises through our
oxide only due to a gradient of electrical poten-
tial applied externally at constant T and Pos. It
consists of two contributions; one driven directly
by the external electrical field (the 1lst term in
the parentheses) and the other due to the coupl-
ing with the electronic current (the 2nd term in
the parentheses). The extent and direction of the
latter coupling effect is entirely dependent on
the magnitude and sign of the effective charge.

This net flux of the ion, Eq. 19, is counter-
balanced by a net flux of the vacancy,jv, due to

Eq. 7. Inserting Eq. 4 into Eq. 19,

Liy=—vii= (FDy /VaRT)Y (2~ af) Vg ()

where we employed the relation, C,=1/Vs, Vn

being the molar volume of AQ, on the assumption

of §¢ | and the subscript L of iy is to em-
phasize that the flux is relative to the anion sub-
lattice-fixed frame of reference which is con-
gruent with the laboratory frame in the present
example, The self-diffusion coeificient, Dy, in
the present case where ¥§ =10 (this 15 ensured
by the reversible electrode condition in Fig, 1), is
related to the tracer diffusion coefficient, Di , or

the vacancy diffusion coefficient, Dy :
Da = D¢ /T =NvDy e

where f is the geometric correlation factor and
NY the equilibrium vacancy fraction at the uni-
form temperature, T, and the uniform oxygen
potential, pg,.

Assuming that there is no sink (or source)
inside the crystal, a net vacancy flux, Eq. 21,
makes the crystal shift as a whole in its opposite
direction via ihe reaction at the surface where

the vacancy flux initiates:

(1/2)Cslg) + A=(in A, ) + e (inPt)
— AD, (on surface) + VA (in AQ, )} &

and the reverse reaction where the vacnacy flux
terminates as illustrated in Fig. 2. The reference
frame attached to the crystal that is moving
relative to the laboratory frame may be taken as
the Fick’ frame as the molar volume of our
crystal has been assumed constant Va. The shift
velocity of the crystal or the moving velocity of
the Fick’s frame relative to the laboratory frame,
ug — U, is then related to the net vacancy flux

as:
up —Uu, =—Va_j, (24a)
or, due to Eq. 21,

up —1u, = (2, FDa /RTY (1 — &f /2:) V¢ (24b)

If 0<<ai< z; as would be expected, the crystal or
the Fick’s frame shifts down the gradient as

shown in Fig. 2. The shift distance of the crystal,
ay )y (2)

4 xol= 25 — 51 = o y,may be given for the 1-

4.5 =2
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dimensional transport by the equation:

Axe=(ur —u )t

=—(FDa/RT)(z— a ) (dg/Lle) € &)

on the assumption that the stationary state with
respect 1o the vacancy transfer is readily achieved
a8 is the case[ 1] since Dy 3> Dy (see Eq, 22). Here
we teplaced V¢ with A¢/Lo, 4¢ being the
electrical potential difference applied across the
electrades Pt(1) and P1(2) in Fig. 1 and L, the
interelectrode distance or the thicknmess of the
crystal, #2— Ay (= '~ %) in Fig. 2. As a
consequence, lhe etfective charge can be deter-
mined from the relative shift, 4 xo, in the con-
figuration of Fig. 1.

At this point, it may be helpfu} to make an

I '
1 1
boolA g0y '
P i | (2)
: —_ -
' L1 !
{cathode} ) { (anode)
Py ;
) 1
* )
i * L2 ]
. 1
(1 (L (2y (23
) .

Fig. 2. Position of the crystal (Fick’s frame, de-
lineated by the solid lines) relative to
the original position (delineated by the
dotted lines) after an elapse of time f.
Fach frame is distingnished by the sub-
script, F and L, respectively. The planar
boundaries of the crystal are denociled
by x@ and x@. Yt is envisaged that a
net vacancy (lux, J . dragged by an
electron current, j, . causes the crystal
to shift as a whole.

order to magnitude calculation of the duration
of annealing, 1, to yield a shift which is large
enough to be measured with the precision ol the
experiment available, For Co..,0, for ex-
ample, Dyv=2.2x10" cm? /sec at T=1483 K[13].
As the standard Gibbs free energy of CoO at

A 254 ~ 3% (1988)

about 1500 K is ca. —50 kcal/mole[18], the
maximum potential difference, ¢, allowable
across the crystal is approximalely 2 V. If we
take Lg; ~ 0.1 ¢m and Ny ~10-* as the typical
values, the shift velocity will be ca. 12 um/hr,
taking the order of magnitude of the term
{z,-w}) as unity[13]. For about 100 um shift
at this temperature, it will take around 8 hours, a
time scale that is more than viable.

The accurate measurement of the shift of
the crystal as a whole, 4 xo, may not be a trivial
task presumably because of the possible dis-
turbances by the presence of the Pt particles
which are to be applied onto the surfaces x(i)
and x[f) of the crystal in order to ensure the re-
versibility of the oxygen exchange across the
electrodes, It is expected that the presence of the
Pt particles causes morphological changes of both
the ciystal surfaces which are to be well-finished
previously; at the anode may form microvoids
and at the cathode microhumps. This sort of

surface morphology has also been ohserved on
the surface of the lower oxygen potantial side

of a crystal subject to an oxygen potential
gradient[19, 20].

An alternative experiment to measure the
relative shift velocily, uy —u,, is based on the
tracer diffusion experiment in the electrical
potential gradient. An instantaneous planar
source of the radioactive tracer A*, e.g. Co*,
and the Darken’s chips, e.g. thin Pt wire chips,
are inserted simultaneously at X =x (=0)
within our crystal as illustrated in Fig. 3. The
experimental condition with the cell configura-
tion of g, 1 1s still 1the same as before, Eq. 18.
The flux of tfracer ja* with respect to the
laboratory (or Hittorf) frame of reference is
then piven by the sum of the two contributions,
one due to random walks under its own concen-
tration gradient, VC,x , and the other due to the
directional walks against the net vacancy flux,
Eq. 21:
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Lia¥ = —DLVC — NA*Lj v 2
oT, due to Eq. 243.,
L 1a¥ :—D: VCA*'I' CA*( LIFA‘UL) (Z]

where Nax (=Cux/ V) is the mole fraction of

the tracer.

The distnibution profile of the tracer Cax (%1,

t) with respect o the laboratory frame fixed to
the Darken’s chips, ie. the inert marker is
oblained by solving the continuity eguation,
dCax/3t =—% ] ,* | Assuming astationary state
gs before where up —u is constant, the solu-

tion for the instantaneous planar source is

given[21]:

M f o= Cur—wd g? |
Cat= eXp ,
VD l 1DE [ @

where M is the total amount of the fracer per
unit area and t the duration of diffusion anneal.

The profile expected, Eq. 28, is as illustrated
in Fig. 3. One may noftice that the centroid of
the profile shifts from the Darken’s chip which

remain at ¥. = &y = 0 The displacement of the

centroid, Axe, from x. =0 is again given by Eq.

25. Thus, by measuring the displacement of the
¢entroid, we can determine the effective charge

as:

RT 1 A%a

T Fhuw (A¢/Lo) L “)

aff =z,

In ihe system of CoO, for example, the
period of diffusion anneal at 1500 K is again
about 8 hours for a shift of as much as .1 00 um
for d¢~2Vand Ly ~ 0.1 cm.

This sort of experiment 15 highly viable on
the basis of experience in the self-diffusion
studies[22]. Furthermore, measurement of the
shifis of the centroid of the tracer profile and the
crystal as a whole can be made simultaneously

on the same piece of crystal.

(2483
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Fig. 3. Tracer diffusion profile expected from

the instantapeous planar source placed
originally at the origin of the laboratory
reference frame, x; =0 It is noted that
the Darken’s chip, denoted by the
dotted lines, has been fixed at the
laboratory frame while the centroid of
profile has been fixed at the Fick’s

frame denoted by the solid lines.

SUMMARY AND CONCLUSION

It has becn shown that, when a semiconduct-
ing crystal is placed between the reversible clec-
trodes wilth an elecirical potential gradient
applied, a net vacancy flux is induced relative
to the laborainry frame fixed to the amion sub-
lattice due to the coupling with the electronic

current in addition to the partial ionic conduc-

tion or
jv = (FDu/VaRT) (2 —ai*) Vg e
up —u, = —Valiy (24a)

This net vacancy flux makes the Fick frame of
reference fixed to the crysial move relative to
the laboratory {rame in the opposile direction of
the vacancy flux at a relative velocity,

Thus by measuring the relative velocity, one can
determine the effective charge of the cation. For

the experimenial determination of the effective
charge, two steady state experiments are pro-

posed; measuremeni, In an electrical potential
gradieni, of the shift relative to the laboraiory

frame of the crystal as a whole or the centroid of

8.9 3= A
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the tracer profile developed fiom an instantane-

ous planar source, An order of magnitude calcu-

lation has shown that these experimentis are
highly «iabl..
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