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ABSTRACT

' The slements of the first transition series form oxides which

display a wide variety of defect-related phenomena such as

non-stoichiometry and diffusion.

Many of these oxides have been studied

extensively in recent years; partly bacause of their intrinsic interest

and partly because they are important technologically (e.g. In high

temperature oxidation, catalysis etc.).

In this paper the current approciation of diffusion processes in

some of these oxides is reviewved in terms of the defects vhich are
belf{eved to be responsible for diffusion and their energies of
formation, migration and interaction.- Particular emwphasis is given to
the large contribution made to this field by N L Peterson and his

co-workers.

The specific materials considered are Tioz, Cr203, MnO, FeO, FeJOA.

Fozoa, Co0, NiO and Cu20.
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1. Introduction

The oxides of the first transition suries metals exhibit a wide
rangs of interesting properties e.g. slectronic, magnetic, chemical etc.
They have therefore been studied widely; sometimes because they have
technologically useful propertes (e.g. fast ion conductors, catalysts,
corrosion resistant barriers) and sometimes because they are of
fundamental interest. The interesting proparties have their origin in
the unfilled electronic 3d shell of the metal ion. The relative ease
with which electrons can be removed or added to some of thes« ions means
that they can often exist in s number of valence states giving rise to a
potentislly large number of oxide phases which themselves deviate from
exact stoichiometry by an amount depending on the thermodynamic activity

of oxygen with which they are equilibrated, Aoz. The deviation from
stoichiometry has a large influence on diffusion in such oxides and it
is the relationship between the two which is the subject of this review.
Since it is this relationship, expressed in terms of crystal defects,
wvhich is at the heart of understanding diffusion, the experiments {ch
are of most direct interest are measurements of deviation from
stoichiometry and tracer diffusion coefficients; particularly as a

function of a These are supported, however, by other less direct

0.
measurements wiich are also related to the crystal defects and thejr
motion such n:: isotope effect, electrical conductivity, thermoelectric
power and cheusical diffusion. In a straightforward ideal case all such
experiments may be rationalised in terms of a model for the point defect
populations in the crystal, characterised by parameters describing their
energies of formation and motion which are in agreement with theoretical
predictions based on atomistic calculations. This goal has not yet been

realised for a transition metal oxide.

The range of materials covered in this review has been restricted
to only a small representative selection of the large number potentiallv

encompassed by the title. Thuse fncluded are Tioz, Cr203, Mn0, FeO,
Fe30‘, FQZOJ, Co0, NiO and CuZO. For each oxide the current
understanding of its defect structure and diffusion properties will be

summarised and attention drawn to those aspects shich are unresolved or




inconsistent., Finally, we briefly conaider fast diffusion along
dislocations and grain boundaries.

2, Theoretical background

The theoretical treatment of point defects in ionic crystals has

be- 1 summarised by Lidiard (1] and Krdger (2]. A survey of the

plication of these ideas to oxides up to 1972 has been given by
Kofstad {3]. The approach, which has nov become standard in the field,
is to write defect reactions in an snalogous vay to chemical reactions
and apply 'mass action laws' to relste their concentrstions at
equilibrium. In the case of transition meatal oxides the
oxidation/reduction reactions tend to dominate and it ias therefore
convenient to write the defect formation reactions in that form. An

example of an oxidation reaction for an oxide MO is

10, — V't 0% e (1)

.

and of a reduction reaction

MO — n"' + 2¢' + {0 (2)

2
In this paper the free energy change of such reactions will! be referred
to as the energy of formation of the appropriate lattice defect, 8¢

The mass action equations corresponding to these reactions sre strictly
written in terms of chemical activities of the defects (e.g. {VMI'! hut

these are usually approximated by the defact concentration expressed 1s

a molecular fraction (e.g. (VH"]) of the oxide assumed to have fts
conventional stoichiometric formula. The equilibrium constanc for the
defect-forming reaction is then related to the standard free anergv
formation by

B¢ ° hf - Tsf =-kTlInK

In an isotrcpic lattice, the tracer diffuston coefliotent, L - N

by (1]
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D' adere? (4)

where I' 1s the jump frequency and r the jump distance. f {s the
correlation fector vhich accounts for the non-randos motion of the
tracer and is characteristic of the lattice and diffusion mechanism.
For a vacancy sechanisa in an fcc or bee lattice of lattice constant s,
equation (4) becomes

w*
D" =a v £ (V] (s)

vhere v, is the rate of exchange betwveen a vacancy and a neighbouring
ion. Hence the diffusion coefficient of the vacancy is

Since the jump is thermally activated over s free energy barrier the
jumsp frequency is related to the vibrationsl freqency u by

Yo * U exp (l./k) exp (- h./kT) (6)
vhere LR and h- are tha entropy and enthalphy of motion of the defect.

Application of mass action to reactions such as (1) and (2) when
combined with the condition for overall electrical neutrality predicts
that defact concentrations are simple functions of oxygen activity of
the type

(def] « .Ozn

and n is & characteristic of the defect. If only one defect {s
significant then the deviation from stoichioeetry, x, is thus

proportions] to a to the powver n- Similarlv both electrical

o.
4

conductivity and diffusion are expected to obey sich a relationship

characterised by exponents n, and ny respectivaly In practice, rthis

simple behaviour is seldom found which {mplies the influence of othe:

defects snd/or interactions between the domirant defncts The s

e B it




common intersction wvhich is invoked is the associatisn of two defccts of
opposite effective charge on neighbouring sites (es.g. the trapping of s
hole near a metal ion vacancy).

Techniques to calculate the characteristic energies of the defects
have been developed and applied in some of the oxides discussed here
(e.g. Mackrodt [4]). The parameters vhich are usually calculated are
internsl energy changes at T = OK and constant volume wvhich should be
approximately equal to enthalpy changes at constant pressure ({.s. hf
and h.). To enable actual defect conzentrstions snd diffusion rates to
be calculated (rather than only their activation energies) techniquer
are also being developed to estimate the entropy changes, LI and

L (s).

3. Ti0, (rutile)

3.1 Self diffusion in TiO,

Rutile {s oxygen deficient and {s conventionally given tre formulas

Tioz-x. This non-stoichiometric rutile i{s an n-type semicond:tor with

the dominant defects baing titanium interstitials and/or oxygen
vacancias. The departure from stoichiometry, x, (s very smal. at

8y " 1, but increases with decreasing L3 (8 typical values being 107¢

2

at 1000°C and o, = 10-18 [3]). Under more reducing condf{tic- - extended

%,

defects (shear planes) are formed; these wili not be discusse! ‘ere.

Tracer diffusion of T, (n TLOZ has been studied recentl. - Hoshino

et al {6]. They find that Adiffusfion is typically S0} faster

perpendicular to the ¢ sxis than parallel to {t. (A project: - of the
rutile structure viewed parallel to the ¢ axis {¢« shown in Fi: . Thev
also find that D;i behaves in a similar way to x in that 1t .- -eases as
-02 decreases (Fig 2) which indicates that titanium {nterstit s are

the important defects on the Ti sublattice. Simpla defect m

which either Tit' or Vg' ara dominant predict the exponent n

equation 7) for Ti diffusion, iy should ba - 0.20 or - 0 V!




respectively. In practice the experimental results give n close to

- 0.20, thus suggesting that Ti; s the defect vhich is also mainly
responsible for noanstoicniometry. However, plots of log x and log ¢
versus log aoz {3] show distinct curvature and significant deviation

from the values n_ = n_ = - 0.20 vhich would be expected if only TI:'

and compensating electrons nesed to be considered.

*
Hoshino et al attemptied to rstionalise DTL in terms of defect
models that had been suggested earlier to account for weasurements of x

and 0. They specifically tried three models; one with Tiz' and Tit', a
second with n';' and vg'. and o third vith T1] , T4} and V2. They

found that all three models could be made to fit the data, but the
second and third gave zero or negative values of h' for motion of the
interstitial and therefore are not physically acceptable.

Paynaud and Morin [7] have considered some of the pitfalls which
may be encountered in fitting defect models to experimental data. They
conclude that in the case of Tio2 the defect Ti:' it & necessary feature
of an acceptable model; a condition which is satisfies by all three
aocdels considered by Hoshino et al. Ait-Younes et al [8,9] conzluded
frow electromigration and chemical diffusion studies that Tii' is the
dominant defect in Ti0, at 1050°C which is in agreement with the model
favoured by the diffusion studies.

Thus the best mcdel for point defect: in T{0, appears to be that

2
originally proposed by Blumenthal et al [10] in which Ti? dominate at
low temperasturss and Ti:' st high temperstures. The defect parameters
are summarised in Table 1 (the enthalpy of motion for the oxygen vacancy

is based on measur~ments of Dwoxy in impurity-dominated conditions (1l1l1].

The structure of T. , (Fig 1) shows channels parallel to the c-axis
which could suppor‘ ‘lirect interstitial motion, in which -ase D*
parallel to c wou! he much greater than D* perpendicular to c. The
fact that D: < in reality shows that the interstitials move manlx
by an interstitia. mechanism. From Fig 1 the ratio ot fispla ement:




to ¢ and perpendicular to ¢ from an jnterstitislcy jump is c/. and hercs
»*
v = ( % )2 =~ 0.42 wvhich is close to the messured value.

3.2 lwpurity diffusion in T!Oz

Peterson and Sesaki [12, 13] have messured tracer diffusion of a
selection of impurities both parallel snd perpendicular to the c-axis.
They discovered that both the rate and anisotropy of diffusion vary
greatly with the lnpurity For exsmple, Zr diffuses slowly and D: is
slightly less than Dl' as for Ti. On the othcr hand Co diffusaes very
rapidly and the allotropy is very different D' baing much greater (by
about 10 )} than Dl Some of the experiments) data for Sc, Fe and Co are

*
compared with DT it Fig 2. The similar dependence of D on 8 for Sc,
2
o. < 107°) shows that the Ti interstitial defect
2

participates in the diffusion of the impurities.

Ti and Fe (for a

This general behaviour may be understood qualitatively in the
following way, if it is assumed that the lower the valency of the ion
the more easily can it make direct interstitial jumps. Thus the
tetravalent and trivalent ions (Zrk* and Sc3¢) diffuse by an
Lntorsticinlcy mechanism alone (like Ti{ itself). The divalent ions
(Fez'
and much faster direct interstitiasl jusps along the channels psrallel to

and Coz*), however, diffuse by a mixture of interstitialcy jumps

the c-axis. This process is illustrated schematicall,; in Fig.3. The

* * -
sudden decrease in D. and D. sas s rises above about 10 3 could
Co Fe 02

perhaps be caused by the oxidation of these jons to the trivalent
state (12].

4. NiO, Co0, MnO and FeO

These oxidas all have the rocksalt crystal structure and are cat:cn

deficient; conventionully written Hl-xo' Cation varancie:., gencrated

according to equation (1), are responsible for the deviation from

stoichiometry which increases in the order NiO, Co0), Mn0O and FeO). There

e



has been a great deal of work carried out on the properties of these
oxides and several reviews have appeared recently (14, 15, 16]. These
will not be reiterated here, but some of the main conclusions regarding
the most appropriate point defect paraseters and the interactions
betveen point defects will be examined.

4.1 Point defects and cation self diffusion

Peterson and Wiley [17] have recently compiled and analysed dats
for x, D;1 and 0 for N{O which they fitted to a mwodel which nllows VNi"
and vNi’ together with compensating holes. The two types of defect are
raquired because the exponent n is found to vary witl -02 and T between
the limits of 0.167 snd 0.2S vhich would be expected {f only le'
vNi' need be considered. Similar defect models based cn x and 7 had
been developed earlier by Xoel and Gellings (18] and Farhi and
Petot-Ervas [19]). The model of Koel and Gellings was also found to be
consistent with D;i in pure and Al-doped Ni0 [20]. The defect

parsmeters produced by these various wodels are summarised i1 Table -.

or

All the models have the common feature that singly charged vacancies are
dominant, but doubly charged vacancies make a significant contribution

at high T and low 8 - Despite this similarity the parameters for the
2

different models shov wvide variation. This is particularly apparent for

h_ in the tvo models of Peterson and Wiley, both of wvhich give equally {
good fits to the experimental data. Peterson and Wiley aventually
favour model A on the grounds that when combinad with chemical di{ffusion t
data it gives a slightly more scceptable correlation factor for n:icke,

self-diffusion than either model B or that of Koel and Gellings

However, this is probably not a relisble wvay of distinguishing tetven:

different models since it i{s based on the synthesis of d{fferant

measurements on a range of specimens from different sources toas

probably more meaningful to compare the differant models on the basis o

their physical plausibility. First, consider the energv of asscciat: - n

between the doubly charged vacancy and a hole to form a «ingiv «hirge

vacancy. Since the coulomb intaraction between ti" and v 1

attractive the enthalpy changs for the association reacti




Ahl = ht (VNI') - hl (vNi") (8

is expected to ba nagative. All the models for NiO sar’ :fy tlis
criterion. Furthermore, atomistic calculations {21} suggest that in all
these oxides AhA = ~ 0.5 oV. The wodel of Peterson and Wiley gives

AhA n =1.87 oV, wvhich i{u an extremely strong intersction energy. The
model of Koel and Gellings (AhA = - 1,08 oV) 1is more acceptable from
this point of view. Becondly, the large difference in h. for the singly
charged and doubly charged vacancies in Peterson and Wiley model A {u
unaxpected since the hole has a much higher mobility thea the vacancy
and is unlikely to require complete dissociaticn from the vecancy to
allow the vacancy to jump (which is what model A implies). On this
basis it would seem that the model of Koel and Gellings (Table 2a)
represents the best cowpromise between s fit to the experimental data

and ressonable paramater values.

The results of atomistic calculations of the energies for cre .tion
and migration of cation vacancies in NiO are shown in Table 3 and may be
compared with the corresponding enthalpies deduced from tho experiments
(Table 2). The level of agreement betwveen theory and experimant can
only be described as feir; the calculated formation energies (2.2 and
1.5 aV) being somevhat less than measured (2.8 eV) and the calculated
migration energies (2.2 and 2.4 eV) being somewhat greater than meassured
(1.6 eV).

The devistion from stoichiometry ‘n Cod {s larger than in N{Q, wi{ %

x o 10.'2 at a, = 1 [24]. Consequently interactions between defects are

9

more {mportant and there {s general agreement that the singly chargaed

vacancy is dominant but both V. '' and Vc: uake significant

contri{butions under npproPrincsoconditlont. Diechmann [25] has analvsed
data for 5;0, x and 0 in terms of such a defect modea] and the result.ng
parsmeters are given in Table 2. Thase paramaters are physicallv
scceptable {n that the sssocistion enthalpies are small and negative

(~ = 0.3 eV) and the migration enthalpy is {independent of the ettect ve
charge of the vecancy. The main queation which is unresolved -

whether more extensive associated defects are formed at 'arge teviar -

from stofchiometry. Some avidence for this cames from ele tr o !
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conductivity sessurements by Petot-Ervas et al [26]. They found that at

8, ~ 1, n ~ 0.3 (vhereas the msximum allowed by Diecksmann's model is
2
L 0.25) and suggested that charged clusters of defect- may be

responsible for this behaviour.

Daviation from stnichiometry in MnO csn reach prester levels than
in Co0 (x = 10™! at 1300°C). Recently Keller and Diecksmap- [27] have
messured x for MnO and analysed these results and Mn tracer diffusion
messurements in terms of sanganese vacancies with effective charges 2, 1
and 0. Their defe:t parameters are summarised in Table 2 (Mocel A).
They indicate that doubly charged and neutral vacancies sre dosinant
with only a small contribution frow singly chaerged vacancies. The
formation enthalpies of the dominant defects are negative reflectirg the

experimental observation that increasing T at constant 1, causes the
2

devistion from stoichiometry to decrasse. Howvever, the relative
zagnitudes of hf for tho'thxoc vacancy types are difficult to sccept; in
particular it would seem that the interactiun between VH:" and h is
repulsive but attractive between an' and h. Keller and Dieckmann also
offer sn alte.native fit to the dats (model B) in which only V"n" and h
ars allowed, but the interactions between them are trrated in the
Debye-Hickel approximation. This is also unsatisfactory since the
theory is only valid for lower defect concentrati{ons ari, in order to
fit the data, a thermally activated dielectric constant wvas necessarv

An alternative explanation [21, 28] is that larger dafect clusters ares

dominant st high a - Tetot and Gerdanian [29] have compared tha
2
predictions of such & model wvith experimental data for x and find no

evidence to support the idea of clusters (at least for x € [ 5 x {1 °°
The defect parameters from their fit to the data are als~ shown 1n F:g
2. (The values tabulated arn intarnal energiess at OK rathe. than =

Their tabulated figures have heen adjusted to the appropriite dete.

formation reaction as indicated in Appendix 2 of thair pape- = ‘hese
parameters are more plsusible since hf decreases as the harge . the
vacancy decreases as axpacted. As pointed out by Keiler and [ye ¥man

* .
there {s s direct proportinnality hetween D*“ wnd x a1 priven

temperatura. This alao argues against the formation of apprer o

T ——




quantities of clusters. In MnO st low 8 where {t {s close to
2

stoichiometry, it has been suggested that manganese interstitials are
dominant. The experiments of Keller and Dieckmann are hovever not
consistent vith this hypothesis snd they conclude that the
stoichiometric composition, if {t exists at all, sust be very close to

the Mn/MnC phase boundary. The n-type conduction in MnO at low a is
2

then attributable to electrons having much greater sobility than holes.

In FeO there is no doubt that defect clusters exist since they have

been identified by diffraction studies. Interaction betwe:n defects is

*
so strong that DFo is not related in any simple wvay to x in tkis

*
material [14]. Indeed, at 1000°C Deq

(for 0.05 < x < 0.13). Thus although iron diffusion {s believed to take

is practically independent of x

place by vacancies not bound in clusters, there is no satisfactory model
of diffusion and defects in FeO. The influance of the clusters on iron
diffusion in FeO is apparent not only in the unexplained relationship

* *
between D o and x, but also in the isotope effect for D. . From such

noaauroloﬁts Chen and Peterson [36] deduce that the corizl-tion factor,
£, for D;. is only about half that for diffusion in the fcc lattice by
an isolated vacancy mechanism. They also find similarly low values of f
for D;n in MnO [37]. Whilat this su_ gests that defect clust.rs m1y be
formed in MnO, the very different relat.ionship becween D and x in the

tvo oxides implies that the similarity in f may ba fc-tuitous.

Calculations of hn for cation vacancy =igration in all these oxides
have been carried out and are -ompered with expericent in Fig & The
agreement is good for MnO (as 1t is for MgO which {s also shown', but is
poor for Ni0 and CoO.

4.2 Oxygen self diffusion

In recent yesrr there have been several studies of oxygen self
»
diffusion in these four oxides arnd Arrhenius plots of L’xy at ccnstant
(except for TeO which i{s for constant CO,/CO ratio) 1ire presented 1in
2 2

%o
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Fig 5. The ganeral trends in the sagnitude of D:xy and its activation
energy are a3 would be expected from the relative melting temperatures
of the oxides. The data of Yamaguchi and Somsno [31] for Co0 have an -
activation energy of 3.0 eV wvhich is significintly lower than the 4.5 eV
reported by Routbort and Rothman [32]. In viev of the magnitude of
D:"tor Co0 when compared to that for NiO and MnQO (Fig 5) it seems
reasonable to conclude that the higher activation energy is the corrsct
one for Co0.

The point defects by which oxygen diffuses in these oxides have yet
*
to be confidently identified. Measurements of Doxy in CoO have been
reported by Clauss et al [34] and are rsproduced in Fig 6. The
vee-shaped curve indicates that at high 8, oxygen interstitials are
2
responsible for oxygen diffusion and at low a8 vacancies. Clauss et

2
al suggest that the most likely defects are uncharged interstitials and

doubly charged vacancies.

*r
Dubois et al [35] measured D in NiO at two values of a. over a
oxy 02

range of temperature. They found that decreasing 102 gave a lover D:xy
at the higher tewperatures (~ 1500°C), but had little effect at lower
temperature (+~ 1300°C). They suggest that an uncharged interstitial
could be the diffusing dafect at high temperature and a doubly charged
vacancy at low temperature. If this is the case the activation cnergy
for D:xy by the interstitial mechanism has to be greater than that for

the vacancy mechsanism.

*

Data for D in FeO as a function of a, are shown in Fig 6. Again
oxy 02

these suggest diffusion by en interstitial oxygen defect, but since the

behaviour of the majnrity defects in FeO is still obscure it is

dangerous to draw any conclusions at this stage.

Although oxygern interstitials are implicated in the experimental

evidence, their presence is at first sight surpirising for a large Jon in

a close-packed sublattice. Nevertheless, calculations of the formation
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and migration energies of oxygen defects [4, 22, 23] tend to support
their role in oxygen diffusion. The calculations suggest that D:xy
would have an activation energy of about 9 eV for a vacancy sechanisa
and § -~ 6 eV for an interstitisl:y mechanism. This latter value is in
good agreement with the experimental value of 5.6 eV {20}, but the
higher activation energy calculated for the vacancy mechanisa is not
consistent with the suggested interpretation of the oxygen activity

dependence [35].

4.3 Behaviour of impurities

The behaviour of impurities in oxides is of interest both as
dopants influencing self diffusion or as diffusing species themselves.
Several studies of both types have been reported in the rocksalt
oxides; particularly CoO and NiO.

The influence of an impurity on self diffusion depends on the site
it adopts (substitutional or interstitial), its charge and how strongly
it intevacts with native point defects. It is not straightforward to be

sure which charge state of a transition metal impurity will be the
stable one in a transition metal oxide. Stoneham and Sangster [38] have
studied this question from the theoretical viewpoint. By comparing
ionisation energies of the bare ions they conclude that holes should be
preferentially attracted from Ni to divalent Cr, Mn, Fe and Co ions in
NiO, but only to Cr and Fe from Co in Co0. However, in both oxides none
of these impurities is capable of reaching the 3+ charge state by
creating a conduction band electron (e.g. N1+). The attraction between
{impurity and hole is such that dilute Cr and Fe impurities in CoO could
be in 3+ :-harge state whereas Ni and Mn in CoO should be in the 2+
charge state. If stabilisation of the 3+ charge state is strong enough
then impurity concentrations greater than the native hole concentrat ior
will tend to form charge-compensating cation vacancies and have a
relatively large effect on self diffusion of the host catijon.
Experiments tend to support these ideas. For example, Co doping of Ni)
does not have much effect on Ni diffusion [39] which is consistent with
Coz* being predominant. In Al-doped NiO, Ala* is stable which causes an

. *
appreciable increase in [VN1] (and hence DNl {20]) and chromium bhehaves

-
—
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sinilarly indicating Cr>* [40]. Measurements of D  and Dy in Fe-doped
Co0 [41], however, suggest that Fe is present as both Foz‘ and Foa’;
their ratio depending on .02' Studies of diffusion in doped oxides
enable an estimate to be made of the enthalpy of association, AhA,
between the impurity and the point defects responsible for diffusion.
Values of AhA deduced in this wvay for impurities associsting with
vacancies in NiO are - 1.2 eV for Al and ~ 0.6 eV for Cr [20]. Some
calculated values for associstion are given {fn Table 3. For Als* the
association snergy is negative ss expected for the coulombic attraction
between defects having opposite effective charge, but is considerably
smaller in magnitude than the experimental value.

The diffusion of impurity tracers themselves (at sufficiently low
concentration not to influence the native point defect concentrations)
can be extremely complicated. If the impurity diffuses by the same
point defect (say a vacancy) as the host, the ratio of their tracer
diffusion coefficients is given by [42]

*

D v £

2 22 2 oxp (- Bn/KT) 9)
(Y] £ A

Do o o

provided that IAhAI is small enough. In this equation the subscript 2
denotes the impurity and vy is the jump frequencv of an impurity/vacancy

exchange. The correlation factor for the impurity, f is a complicated

2)
function of all the jump frequencies in the vicinity of the impurity.
W

It is approximately bounded by fz(min) x ;2 when w_ >> ¥ and 5 (max) =
2

2

1 when v, << Vor

Tracer diffusion coefficients for a range of cation i{mpurities in
Co0 and NiO have been reported by Hoshino and Peterson [43] and Monty
(14). 1In general, the results show a trerd in which small jons diffuse
more slowly than large ones and have larger ac-ivation energies for D;.
(There are exceptions, however, such as C12+ whichk is laige and diffuses

slowly). Theoretical estimates of the activation energy of v, (Table 3)

do not reproduce this trend for divalent impurity ions. In particular,




particular, the measured act:vntion energy of D; for Fe and Mn {n NiO is
sbout 0.7 eV lower than of DNL
Indeed, it is difficult to envisage such low activation energies for any
divalent ions. This is because even if the impurity jump v, is very
fast the limiting value of fz is approximately vo/v2 and hence Dz/Do h.
the limiting value exp (-~ AhA/kT). Physically, this corresponds to the
impurity repeatedly exchanging with the same vacancy. A lov sctivation
energy can thus only occur if AhA is appreciable ard negative (in this
case sbouc - 0.7 eV). This could be explained if Fe and Mn are present

, wvhich is not expected from Table 3.

as trivalent ions in NiO, which would be consistent with theoretical

predictions at low concentrations (by capture of a hole).

5. ESJOI Snnggetitoz

Magnetite at low temperature (below 575°C) has the inverse spinel
structure. The structure is formed by the cubic close packing of oxygen
ions as in the rocksalt structure. However, in the rocksalt structure
the cations only occupy the octahedrally co-ordinuted interstices
between the oxygen ions whereas, in the spinel structure, they are
distributed over both octahedral end tetrahedral sites. In magnetita
F03
half by Fe2* and half by Foz*. Above the Curie temperature the charge

* ions occupy tetrahedral sites and the octahedral sites are occupied

distribution of the Fe ions becomes wmore random i.e. Fez+ ions occupy

some of the tetrahedral sites.

The properties of magnetite have been inves:igated extensively by
Dieckmann and colleagues. Studies of deviation ¢rom stoichiometry

(conventionally written Fe 04) have revesled that at high a, Fe

3-x
2
vacancies are dominant and at low 8, interstitials e¢-= dominant (44 ;.
2
The stoichiometric point is approximately midway in the stabilis- field
of Feaok. At the stoichiometric composition the uisorder is of the

cation Frenkel type, but is considerably more complicated becsuse of the
different cation sites and the charge state disorder. Dieckmann fouru

that at the stoichicmetric composition the defect concentration dn:s not

have simple Arrhenius behaviour but has an activation energy 0.7 ¢V for
T below 1300°C and 2.5 aV for T above 130C°C. Lewis et al [&4'] have




calculated the energies to form defects in F.SO“ and conclude thst
cation vacancies and interstitisls are preferentislly on the octahed:al
sites. From their calculations they deduce that the activation energy
for Frenkel disorder is 3 eV. This is smuch greater than the 0.9 eV
observed at low tempersturs (vhere the best agreement would be
expected). Furthermore, the calculations cannot sccount for the non
Arrhenius behaviour (which experiment shows has its origin in the
interstitial contribution).

The tracer self diffusion of iron {u magnet.te as a function of %
2

reflects the expected contributions of ‘sacancies and interstitials at

bhigh and low a_ respectively [46]. Both Co and Cr tracer diffusion

0,

*
coefficients [47] show s similar dependence on 8, to DFc which
2

indicates that Co and Cr (and therefore probably Fe) diffuse by an
interstitialcy mechanism at low a, - This is supported by measurements
2
U
of isotope effect for DF. as 8 function of L) [48). Dieckmann [24] has
2

also reported values for the diffusion coefficients of the vacancies and
interstitials derived both from chemical diffusion and D' and x. His

results are reproduced in Fig 7 which <learly Llluntrutorzhnt both the
interstitial and vacancy have non-Arrhenius behaviour. At the lowest
temparatures the migration enthalpies are about 0.7 eV for the vacancy
and 2.0 eV for the interstitial. The correspinding estimates of Lewis
et al [45] are 1.60 eV for the va-aincy and 0.92 for the interstitial

neither of which are in good agreement with experime:t.

6. 2229, (hematite) and Ctzg,ggchronito)

Both these oxides have the corunduam structure in vhich the oxygen
‘ions are srranged in almost hexagonal close packing with the trivalent
metal ions situated in two thirds of the octahadrally co-ordinated
interstices. In both oxides the nature of the dominant point defects :s
not yet clearly established.

6.1 Fe,0,

There is general agreement that FezoJ is oxygen ceficient (Ve %)




and that the dominant defects must be either oxygen vacancies or iron
i{nterstitials. There is also genersl agresment that at high
temperatures !3203 is an intrinsic slectronic semiconductor with a
thermal band gap of sbout 2¢V. This is based on the observation that

the electrical conductivity {s independent of 8, (49] and there s
2

strong optical shsorptiom at 2.1 oV [50].

*
Recent measuresents of D parallel to the ¢ direction at 8 =1
2

are summarised in Fig 8. The results are in reasonsably good agreement
at high temperatures and the activation energy is 6.0 eV. Nevertheless,
the difference between the two sets of resuits from Hoshino and Peterson
[52, $3) are significent since they vare performed on crystals from
different sources. Chang and Wegner («9] and Hoshino and Peterson (52,
$3) weasured D;. ss a function of .02' All igree tha® the exponent np

is negative indicating that iron interstitials are responsible for
diffusion. Howsver, the value of iy i{s not well eatablished. Chang and
Vagner found o, = - 0.7 and Hoshino and Peterson (53] measured the same
value for crystals from the same source, but the actual magnitudes of

D' wera about ten timas greater. Crystals from a different source {52}

Feo -

gave lower values of DP and L 0.4. The simplest wndel involving

e
Fo” interstitial ions predicts n, = - 0.75, in good agreement with the
first set of experiments. In the same crystals Hoshino and Peterson

* " *
found Dc° > DF. > DC:
r.,o‘. this indicates that they all diffuse by an interstitialcy
mechaniss rather than direct interstitial jumps and this is again

*
> Dy. but a]l had similar values of ny- As {n

supported by the isotope effect measurements [52].

L ]
The breask in the Arrhenius rlot of D_. at sbout 900°C observe:d hv

Fe
Atkinson and Taylor [S1]) (Fig 8) is also seen in measurements of
electrical conductivity. The most likely explanation of this bhahaviour

is that below 900°C these crystals are extrinsic p-tvpa semicond: * ore

with divalent cation {mpurities as acceptors.




In conclusion, although there are some inconsistencies in the
experimental dsta, the sost likely defect picture is that at higa
temsperstures and oxygen pressures 70203 is an intrinsic semiconductor
vith oxygen vacancies as majority ionic defects and iron interstitials
ss minority ionfc defects. Iron diffuses by an interstitislcy
msschaniss. At low tesperatures behaviour is domirated by divalent
cation impurities compensated by electron holes.

6.2 Cr,0,

In contrast with Fozos. Crzo3 appeurs to be cation deficient at

=1 ({.e. Cr 0,) with chromium vacancies being the dominant fonic
x 3

s
02 2

defects. The strongest evidence for this comes from measurements of x
in Crzo3 (as coarse powder) as a function of e, at 1100°C by Greskovich
2

4

[54]). He found that x (typically about 10°" at this temperature)
3'

increases with increasing 8 with an exponent n o= 0.12. If Vct,
2
compensated by electron holes, is responsible for deviation from

stoichiomsetry then n, would be expected to be 0.188 as also would n, and
* . B
ny (for DCr)' (It u, is the doainent defect then n =n = 0.167 and

n, - 0.50).

Studies of electronic conductivity on sintered materia]l however, do
not support this simple view. Matsui and Naito (55] report that n, (at

high 4, ) decreases with increasing tempersture; being 0.08 at 1000°C
2
aud 0.05 at 1100°C. Similar experiments by Nagai et al [S56] confirmed

this effect, with n decreasing from 0.13 at 600°C tc 0.04 at 120C°C.
These observations suggest at first sight that Crzo3 i{s tending towards
being an intrinsic semiconductor at the higher temperature.
Furthermore, Matsui and Naito elso observed a change of sign in n, at

lov a, which indicates that n-type behaviour is dominant under these

0
2
conditions. This could be explained by a variety of different
mechanisms e.g. higher mobility of electrons than holes (as in MnO), a
’ .

change in point defects from say V 3 to Crs' or a change in valency of

Cr i

an impurity.




The change from p-type conduction at high 8, to n-typc at low 8,
2 2
vas confirmed by thermoelectric power mseasurements on sliitered Crzo3 by

Young et al [57, S8]. They also revealed an important experimental
difficulty vhich msay account for some of the apparently irreconcilable
observations wvhich have been made on this material. They found that
conversion betveen n and p-type material was not equally facile in both
directions. In particular, the p to n transition is severely hindered
kinetically at temperatures below 1500°C (Fig 9). They alsc argue that
the magnitude of the thermoelectric power and the activation energy of o
st high tesperatures in the p~type region (1.8 eV) can only be explained
if the thermal band gap in c:203 is larger than 3.6 eV.

There have also been several studies of electrical conductivity in
doped sintered c:zoa. For example Huang et al [59] studied Li-doped
Crzo3 at temperatures between 815 and 1100°C. They found that o was

independent of .02 (na = () at high 102 and n, = 0.25 at low .02' This
is consistent with p type behaviour in the doped materisl and a p to n

T,
transition in undoped c:zoa. (At low noz, n, in Ti doped Crzo3 is

expected to be 0.25 if either Cti. or Vo" s dominant in pure Cr203.
Therefore these experiments cannot be used to differentiate between the

twvo possible defects).

Studies of D;r in Ct203 are nét easily interpreted bearing i{n mind
this rather confused picture of electrical properties. The most recent
date are shown in Fig 10. These diffusion coefficients are very much
lower than those reported earlier (see ref 3). They are believed to be
more reliable than earlier measurements because of improved techniques
and materials and because at 1100°C they are in good agreement w:th D*

estimated from x and chemical diffusion [54}. At high a, at - *h

2
*
1570°C and 1100°C the dependence of Do, on 8y s close to that xpacted
2
1]
for diffusion by vci . Fer lov aj at 1100°C and 1300°C there :< an
2

indication of diffusion by chromium interstitials, but the evidence is
not strong. In fact the rather strange behaviour at high ay an: 13e0c°c

4




in Fig 10 strongly suggests that equilibration between the gss and the
solid is unreliable.

At the present time it seems that Ct203 is not an intrinsic
semiconductor as originally supposed, but has a band gap of at least

3.6 eV. It is p-type at high s due to the formation of chroamium
2 2
vacancies (and holes) and n-type at low 4% due to ckromium
2
interstitials (and electrons). There are severe experimentsl problems

in this system the most serious of which is the unreliable equilibration
with the gas phase. The activation energy for Cr diffusion in the

p-type region at constant s is about 6.0 eV [61].

0,

7. Cu,0 (cuprite)

Cuprous oxide is a copper deficient p-type semiconductor (Cuz_XO)
with defect properties very similar to those of the rocksalt oxides,
although it has a very different crystal structure. Experimental data
are available for x, o, D:“ and D:xy' Simple defect models predict n
and o, (for Cu) should be 0.125 for singly charged copper vacancies and
0.25 for neutral vacancies (and n, = 0.125). In common with the other
oxides the experimental values fall between the two extremes with n

*
depending on both a; and T. Data for D, and 1000°C are shown in
2

Fig 11 [62] and indicate that V ; is the dominant defect with a

C

0"
2
all the data to a defect model involving the two copper vacancies and

contribution from VC: at high a Paterson and Wiley [62] have fitted

singly charged oxygen interstitials. The oxygen interstitials are

invoked to account for the observation that n, > 0.125 at high a, and
2

*
are consistent with the effect of &, on Doxy observed by Perinet et al

0
{63) and also shown in Fig 11. The ioint defect parameters from
Peterson and Wiley's fit to the experimental data are summarised in
Table 4. Equal enthalpies of motion for the two charge states of the
vacancy sre expected (as discussed earlier for the other oxides) but
equal enthelpies of formation are not, since this means the binding
snergy between the vacancy and the hole is negligible. Accordiag to

Table 4 the binding between the vacancy and the hole {s entirely due tn

- '() -




entropy changes. Thus altbough these parameters describe the

experimentsl data, their validity is questionable. Ochin et al [64)

have suggssted that the formation of divecancies (Vc; VC:)' at high N
2

and copper interstitials at low 8, csn account for their electrical
2 L]
conductivity deta. However, the measurements of DC“ show no indication

of a substantial contribution from copper interstitisls and there is no
other evidence to support the existence of divacancies.

8. Diffusion along grain boundaries and dislocations

The subject of fast diffusion along grain boundaries and
dislocations has been reviewed in recent articles by Atkinson (65, 66)
and Atkinson and Le Claire [67]. The most comprehensive data are for
NiO and these are summarised in Fig 12 compared with diffusion in the
bulk lattice. The diffusion of both Ni and O are greatly enhanced in
grain boundaries and dislocations compared with corresponding lattice
diffusion. The width of the region of enhanced diffusivity has been
shown [68, 69] to be only about 10 A and both dislocation and grain

boundary diffusjon of Ni in Ni0O depend on 8 in a similar way to
2
lattice diffusion. This suggests that grain boundary and dislocation

diffusion take place by a similar mechanism to lattice diffusion; in
this case by nickel vacancies which segregate to the extendad defects
from the lattice. This similarity is reinforced >y studies of impurity
diffusion in NiO grain boundaries [71]) for whicl similar trends to
lattice diffusion have been found. Atomistic simulations of the
structure and diffusive properties of dislocations (72] and grain
boundaries (22] support this view. Duffy and Tasker [22] have made a
detailed theoretical study of grain boundaries and their properties in

NiO (22]). Their calculations for a range of boundary misorientations
*

N{
between 0.5 and 0.8 of that {n the lattice. The experimental value of

predict that the activation energy for D in the boundary should be
this ratio in polycrystalline material (and therefore covering a range
of boundery types) is 0.70. The corresponding ratio for oxygen
diffusion (assuming an interstitialcy mechanism) 1s 0.45 from borh
calculations and experiment. The agreement L-tween theorv and

experiment on this basis is therefore very encouraging (although the
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absolute velues of activation energies and defect parsmeters sre not in

such good accord; ses section 4.1).
9. Concl resarks

Perhaps the most striking genersl feature to emerge from
considering this group of oxides is that simple defect models (i.s. with
s singls pair of charge—compensating defects for each oxids) are not
appropriate other than as s first order approximation. The approach
that most workers have taken to solve this problem has been to allow
more defect types in the model; particularly those in which the pri.me
defect traps an electronic carrier. It appesrs that this i{s not
necessarily a fruitful route to follow too far for two reasons. The
first is that the deviation from the simple models, although
significant, are often quite smsll and are apparent mainly at extremes

of the experimental conditions (e.g. high T and low % ). The fitting
2

of more complicated models to the experiments]l data i{s therefores
unrelisble and, as we have seen, often leads to -arameters describing
the defects vhich appear physically unreasonabl:. The second probles in
this approsch is that the defect models still rely on the use of
concentrations rather than thermodynamic activities in the mass-ection
equations. In this approximaticn strong short-range interactions
between defects (such as the trapping of a hole at a vacancy) can be
included by introducing an associsted defect, but longer rangs screening
interactions are ignored. At low defect concentrations these long range
interactions can be described by the Debye~Huckel theory and although
the effects are small they are nevertheless significant. For example

3 tn Cu,_ O at 1000°C the

activity coefficient of each defect (V(':u or h) is reduced from unity

Wagner [73) estimates that vhen x = 10

(ideal non-interscting solution) to about 0.5. However, the
introduction of screening intersactions in the Debye-Hickel approximation
cannot of itself account for all the observed deviations from si-ple
defect mdeles in thesa oxides as is evident, for example, from such ar
attempt appli .d to MnO {27). In oxides with relatively large dafe-:
concentrations (: 10-2) the Debye-iflickel approximation (1 e regart:

the defects as being distributed in a dielectric conttnuum; s 1. ..

justifiable. For such cases theoreticsl treatwents have hean

-1 -




developed (74], but are not convenient for anslysing experimental data.
Nevertheless, until some attesmpt is made to include deviations from
i{deslity, the more complicated defect models, and soms of their derived

parameters, should not be taken too seriously.

Another general feature vhich ewerges is the rather poor level of
agreemsnt between point defect psctameters derived from experiment and

3y

those from calculations. Even bearing in msind the problems already
referred to associated with assuming ideal thermodynamic activities for
the defects, the level of agreesent between experiment and theory is
novhere near as good as found in the alksli halides. This is
particularly evident in h- for vacancy - cstion jusps and binding
energies in tho rocksalt oxides (Fig 4 and Table 3). [t would appear
that there are still significant processes specific to the transition
oetal oxides which the calculations are not yet taking into sccount.
(The most recent cslculations of Harding snd Tarentc reported in this
volume have already resolved soms of the discrepancies.) Nevertheless,
the calculations are invaluable even at a semi- quantitstive level sincae
they point to treands, or rule out defect processes with highly

unfavourable energy barriers.

On the experimental side, the quality of data and level of
understanding for diffusion and defects on the cation sublattice {s far
superior to that of the anion sublattice. This is becsuse the anion
defects can only be studied by diffusion and these expariments are very
difficult. Nevertheless, interest {s building Iin this area and the
situation is likely to ismprove considerably. Even the cation defects
are not established and understood in the important oxides F0203 and
°‘2°3' The question of larger defect clusters in oxides other than Fec
is stil)l open. The indirect evidence for their existence is appreciahble
only in MnO end direct observations are necessary to settle this

question.

Finally, in the case of impurity diffusion {t {s interesting tc

note that the order of their diffusivities is almost independent ¢

ay. Viwon

matrix through which they are diffusaing. For example,

fast diffuser and Cr always a slow diffuser
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Table 1

Defect parameters for T40,

Forsation resction selk

h
) (%
T10, + T4,* + 4e' +0, 379  10.67

T10, + T3 + 30" ¢+ 0, 2.9 9.26

‘T‘OZ - Vé' + 2.' + ’ 02 - -

)

0.68
0.68

2.9
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Table 2
Experimental defect parameters for Ni0, CoO and Mn0
Source Defect* selk h, hy
(a) NiO
' "
Peterscn and VWiley th 1.6 3.69 0.59
model A [17] Vay' -2.3 1.82 2.10
] Peterson and Wiley Vm" 1.6 3.69 1.32
model B (17] VNI.' -2.3 1.82 1.60
Koel and Gellings [18] VNLH -5.0 2.81 1.60
+ Atkinson et al. [20) vm' -3.2 1.73 1.60
Farhi and Petot-Ervas (19) VM" - 2.9 -
VN1' - 1.5 -
(b) co0
Dieckmann [25} vc°" -5.0 1.5% 1.61
vco' -3.2 0.80 1.41
v, X 4
Co -4.1 0.27 1.41
Petot-Ervas er al. [26) 'Vco' -2.1 0.78 -
(¢) Hn0
Keller and Dieckaann VHn" -15.1 -0.94 1.7
Model A [24] an' -3.7 7 14 1.1
an" -5.0 -0.81 1,70
Idem, Model B an" -13.% -0 8k !
Tetot and Gerdanian [29] vnn" -6.4 9.
v, ' 1.8 “
anx € re
Mn -15 .t 1 s
[ % The formation reaction for a defect is § N ‘x . .,’ i




(a)

(b)

.lI.l..1’!!..-......'...-.....'.'-.-I.--.--,-----I-II-II_ ——————

Teble 3

Calculated point defect energiec (eV) for NiO

Ni vacancies in Ni0O

$0y+vy"+ 20" ¢ 0y 2.2 (rof. 4), 1.5 (ref. 22)

vNi. +h- VNL' ~0.53 (xref. 21)

Vng" = Niy® Jusp 2.2 (ref. 4), 2.4 (ref. 22),
2.4 (ref. 23)

Impurities in NiO (ref. 4)

Impurity Impurity + vacancy Impurity/vacancy

-+ associated pair Jump
Hg§: -0.07 2.43
Caz‘ -0.25% 2.35
Mn -0.12 2.43
Fel* 0.04 2.31
Co§: 0.06 2.28
Al -0.41 (~i.2 expt) 3.53




Table &

Point defect paremeters for Cuzo [62]

Formation reactior 8e/k %:_v , %&)
Y0, oV, +he} oo" -2.5 1.28 0.42
$ 0, » Ve X4} 0" 5.4 1.28 0.62
$0,~-0,'+ 48 -1.66  1.37 0.86
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AERE R 12405 Fig. 1
The crystal ‘structure of TiO, (rutile) viewed paraliel to the ¢ axis One of the channeis
containing potential interstitial sites is indicated
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Tracer diffusion of Co, Fe, Ti and Sc paralle! to the c direction in TiQ, as afunctionof a. o' 110

(1000°C for Fe). The indicated clopesof n = ~0.25andn = -3 20 corespondto T anct T,
defects respectively (refs. 6. 12 and 13)




Schematic representation of impurity
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Schematc diagram indicating how tfast diffusion of certain impurities along the ¢ irectie T
probably occurs by a mixture of interstitialcy and direct interstihal jumps
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Comparison between the measured and calculated enthalipies of motion for caton
diffusion in the rocksalt oxides
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Arrhenius plots at constant a,, (except for FeQ) of oxygen tracer sel’-citfusion in the -ocks.ait oxde <
(refs. 30-33)
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The dependence of oxygen tracer cosfficient on oxygen activity in FeQ and CoO (refs. 31 and 34)




Diffusion of Fe vacancies and inlerstitials
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. Artheniug pict of the difiusion costicient of iron vacancies and interstitials in Fe,0,. The extent of
{ uncerainly is partly due 10 esperimant and partly dus 10 the range of possible correlation factors
which are coneistent with the experiments (ref. 24).
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Asrheniug piot st constant &, (= 1) of the tracer difhusion cosfficie 1t of Fe paraiiel 10 the C-dirsction
In Fe,0,. The two data sefs of Hoshino and Peterson are for crystais from different sources
(rots. 81-83).




Thermoelectric power of sintered Cr,0,
(Young et al,1986)
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The thermosiectric power of sintered CryO4 83 & funclion of a,. The n 10 p traneition is complete
p within 7 days 8t 1247°C, but the reverss rrnelion wil not take place unises the lemperature is
raised 10 1500°C (rol. 58).
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Tracer difiusion of Cr paraliel 10 the o-direction in Cr;O, as a function of &,. The indicated vaiues o'
ne= +0.180 or n = —0.108 are expecied for diffusion by vacancing or interstitials respectively
according 10 the simpie defect model (refs. 60 and 81),
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Self diffusion in Cu,0
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AERE R 12408 Fig. 11

Tracer difiusion of Cu and oxygen in Cu,O as a flunction of oxygen activity. The indicaied siopes are

for @ simple model in which Cu diffuses by singly charged vacancies and oxygen by singly charged
imersitiale (refs. 62 and 63). -




TRACER DIFFUSION IN NiO
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AERE R 12408 Fig. 12
Tracer dffusion of Ni and O in the (attice, along disiocations and aiong grain boundaries in N\O
&g, = 1 f0r Ni and 0.2 for O (refs. 68, 89 and 70).




