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ABSTRACT

Theresults of semi-empirical calculations of the coefficients of bulk oxygen
self-diffusionin binary metal oxides are presented. The vacancy mechanism
of oxygen ion diffusion using thermal equilibrium and structural vacancies
in the oxygen sublattice of these oxidesis considered. The calculationsare
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based on the empirical relationships for vacancy formation and migration
enthalpies in oxide systems, which are obtained by analyzing the most
reliable experimental data on bulk oxygen diffusion in oxides. Using the
proposed model, the diffusion coefficients can be cal culated with accuracy
of one order of magnitude and the diffusion activation enthalpy — with an

error of about 10%.

Metd oxidesareimportant functional materids, and,
therefore, theexperimental dataon their oxygen self-
diffusion coefficientsare of interest. Thisissueiscon-
sderedinalargenumber of sudies. However, theavall-
able experimental dataare scattered and for many ox-
ide systemsthey arelacking. Besides, therearenore-
ligbility criteriafor such data. Thisstateof theresearch
of diffusioninbinary oxideswasnotedinthereviews
already in 1968 and 1972[*2, but no radical changes
took placesincethen.

Thelack of dataconcerning oxygen diffusion coef-
ficientsD isduemainly to avery strong effect of impu-
ritiesinthecationic subsystem of theoxidesontheval-
uesof D. Intheabsence of structural vacanciesinthe
oxygen subl attice, thetemperature dependence of dif-
fusion coefficients D isdescribed by theArrhenius ex-
pression’d
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D =D, exp(-Q/KT)<Eq 1> 1)
where D isafrequency factor; Qistheactivation en-

thalpy of diffusion; kisthe Boltzmann constant; and O
isabsolutetemperature. Usualy, it isassumed®? that

Q=Q; +Q, 2
where Q. and Q_ are oxygen vacancy formation and
migrationenthapies.

When an oxideisdoped with cations having lower
valancethan the basismetal, structural vacanciesare
formed inthe oxygen sublatti ce by the charge compen-
sation mechanism, and in thiscasethetemperature de-
pendenceof diffusion coefficientsisof amore compli-
cated character than that described by expression (1).
Figure 1 displaysatypical D (T) dependencefor such
casell, wherethreetemperatureintervalscan bedis-
tinguished. At T>T , diffusionisduemainly tothermal
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equilibriumvacancies, and the D (T) dependenceisde-
scribed by expression (1). At T< T, diffusionisdue
mostly to structural vacancies, and the D (T) depen-
denceinthisinterva isaso described by theArrhenius
expression, but thefrequency factor and theactivation
enthal py have other valuesthan inexpression (1). For
T<T,, theD (T) dependence takestheform

D= C\/ Dos exp(_Qm / kT) (3)
where ¢, istheconcentration of structural vacanciesin
the oxygen sublattice of the oxide; and ¢, D, isthe
frequency factor for diffusion dueto structural vacan-
cies. Expressions(1, 2) arewritten neglecting the cor-
rel ation effects. RelationshipsD _H” D and ¢ D _ «
D,areusualytrue. At T,<T< T, thecontributionsto
D fromdiffusion by thermal equilibriumand structural
vacancies become comparable, and in thiscasethenu-
merical vauesof diffus onactivation energy will bein-
termediate between Q and Q. By analogy, the fre-
quency factor inthiscasewill haveintermediatevalues

between D, and ¢, Dy, .
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Figurel: Atypical temperaturedependenceof bulk oxygen
diffusion coefficientsfor binary oxidescontaining structural
vacanciesin the oxygen sublatticel”

The concentration isof the sameorder of magni-
tude asthe concentration of impuritiesin the cationic
subsystem of the oxides. Sincethevaueof inbinary
oxidesM O, isdetermined by uncontrollable doping of
the cationi ¢ subsystem of the oxides, the concentration
issmal. Inmany cases, the concentration of impurities
issosmdl that it cannot be determined by modern ana
Iytical methods. From expressions(1-3) it followsthat
thediffus on coefficientsfor oneand thesameoxidein
oneandthesametemperatureinterva may differ indif-
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ferent studiesby severa ordersof magnitudeonly be-
causethevauesof T, and T, inthoseworksarediffer-
ent. Usudly, indiffuson experiments, thevad uesof these
temperaturesarenot known sincethey are determined
not only by diffusive properties of oxides (parameters
Q. Q,, D, andD,), but aso by uncontrollabledoping
of the cationic sublattice. Theaboveanaysisisthere-
foresmplified. Thisdiscrepancy of databetween dif-
ferent works may be caused al so by many other rea-
sons, for example, by the contributionto masstransfer
associated with diffusionin cracks, grain boundaries,
and did ocations, by point defectsin thediffusonzone
whichtrap diffusngatoms, aswell asby incorrect indi-
rect methodsfor measuring diffusion coefficientsetc.
Inthiswork, we propose amethod for caculating
the oxygen bulk diffusion coefficientsin binary oxides,
whichisbased on expressions(1-3), sometheoretica
and experimenta resultsfor frequency factorsin solids,
aswell asonempiricd regularitiesfor enthdpiesQ, and
Q,,inmeta oxides. Theempirica regularitieswereob-
tained only from reliableexperimenta datatakinginto
account two criteriaof their rdiability. Theminimal re-
quirement wastheuseof thetracedementsindiffusion
experimentsand direct methodsfor measuring thecon-
centration profilesof tracersafter diffusionanneding®.
In case of oxygen diffusion, ¥ tracers and secondary
ionic mass spectrometry (SIMS) or nuclear reaction
anaysis(NRA) for measuring the concentration pro-
fileswereusualy used. Inthestudiesof thelast 20 years,
theexperimental dataon oxygen self-diffusionin ox-
idesusually meset thisrequirement.
Numerousstudiesof diffusoninmetasresultedin
onemorereliability criterion of experimental data. It
wasfirst introduced in work!. Thiscriterion imposes
severerestrictionson thefrequency factor valueduring
interstitia diffusion mechanism. Formerly, the Zener
theory™ cast doubt on many experimental dataon hy-
drogen, oxygen, carbon, and nitrogen diffusonin met-
als, and theresults obtained after 1950 were not con-
tradictory to thistheory in general®. Later, it wases-
tablished that reliabl eexperimenta dataondiffusondue
tothermd equilibrium vacanciesinmetalsaso meet the
Zener theory. In our opinion, the conceptsof the Zener
theory have ageneral character and can be used aso
for analysisof coefficients of oxygen bulk diffusionin
oxides. Based on the Zener criterion, we considered
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that only thoseexperimentd dataarerdiable, for which
theva uesof thefrequency factor D arewithintherange
from 107 to 10° m?%s. Note that this restriction con-
cernsonly thedataon diffusion dueto thermal equilib-
rium vacancies and it does not apply to the dataon
diffuson by structurd vacancies. Asmentioned above,
thefrequency factor values during diffusion by struc-
tural vacanciesaresmaller thanD,,.

Let usfirst consider theregularitiesof the experi-
mental dataon migrationenthalpy Q Expression (3)
and Figure 1 show that with anincreasein the concen-
tration of structura vacancies, , thetemperaturerange,
inwhich diffusion by oxygen structural vacanciespre-
vails, expands. Thisiswhy the most reliable dataon
migration enthal py Q, can beobtained by examining
diffusoninoxidesystemswithapriori high concentra-
tionsof structural vacancies, . Itisobviousthat binary
oxideswith an uncontrollable content of impuritiesin
the cationic sublatticefail to meet thiscondition. Typi-
ca representativesof oxideswith ahigh concentration
of structura oxygenvacanciesareY SZ oxides (yttrium-
doped cubic zirconium dioxides) and perovskitesof the
ABO, family, whereA or B cations are partially re-
placed by cationswith smaler vadence. Anaysisof ex-
perimenta diffuson datafor these sysemsshowed that
inall cases, irrespectiveof thecrystal latticetypeand
thechemical composition of the oxide, seefor example
studies>19, theva uesof oxygen bulk diffusion activa-
tion enthal py arecloseto each other and amountto Q |
=(1.1£0.1) eV. In this analysis, only the data obtained
by SIMS method were considered. Inview of thisre-
sult, thesamevaueof Q_isassumedto betypicd of al
binary meta oxides. Inprinciple, closevauesof Q_for
different oxidesarenot surprising. Inthee astic model
of potentia diffusion barrier™™, thisresultisduetoiden-
ticd radii of diffusngatomsin different crystalsandto
closevauesof their el astic constants.

Further, et usconsder theregularitiesof vacancy
formation enthapy Q, in oxides. Currently, no system-
aticdataonthisissueareavailable. Thereare severa
worksdealing with empirical correlationsbetweenva-
cancy formation entha py and some other well studied
propertiesof oxides, for example, formation and at-
omization entha py of compounds. Based ontheandy-
sisof thesecorre ationsit was concluded? that for dif-
ferent oxidesof thesamemetd, enthalpy Q, isexpected

toincreasewhenthevalueof xin MO, decreases. In
this study, we al so examined the correl ation between
the values of Q, and X, but found these values from
diffusion datataking into consideration expression (2)
and theaforesaid result: according to themost reliable
investigations, Q_=1.1€V for different oxides.

TABLE 1 and Figure 2 demonstrate experimental
Q datafor binary oxidesMO,. Although alarge num-
ber of works are devoted to oxygen diffusion in ox-
ides, weused only seven of them for finding the corre-
| ation betweenthevauesof Q and 6 sinceonly inthose
workstheexperimental resultsmeet theaboverdiabil-
ity criteriafor experimental data. Notethat thecriteria
of experimenta dataselection consisted inusing direct
methods for measuring diffusion coefficientsand the
Zener theory for measuring the frequency factor D,
during diffusonby thermd equilibriumvacandes. These
criteriacan hardly be considered very stringent. The
absenceof representativesampling of experimentd data
ondiffusion by therma equilibrium vacanciesislikely
to be dueto strong influence of impurities on oxygen
diffusion coefficients. Figure 2 exhibitsamonotonous
dependenceof thediffuson activationenthdpy Q (and
consequently thevacancy formation enthapy Q) onthe
vaueof index xinMO, . Asmentioned above, asimilar
correlaion waspredicted in work!?, but therethe case
in point was oxides of the same metal rather than ox-
idesof different metals. At present, the available data
areof courseinsufficient to make conclusions about
the accuracy and universality of thediscovered corre-
lations. We can only note that for four oxidesMO,,
their diffusion activation entha piesarecd oseamounting
toQ=(25+0.2)eV.

Figure 3 displaystemperature dependences of the
coefficientsof bulk oxygendiffusonD inoxidescacu-
lated with expression (1). Theca culated datarefer to
diffusondueto thermd equilibriumvacanciesand are
given for oxideswith the chemical composition MO,
MO, ;, MO,, andMO, .. Thelower level of thecalcu-
lated D val ues approximately correspondsto themini-
mal vauesof oxygen diffus on coefficients, which can
be measured by modern techniques. Thislevel was
achieved in particular in study™. The parameters of
the temperature dependence (frequency factor D, and
diffusionactivation entha py Q) aregiveninthecaption.
Notethat inall cases, the samevaue of thefrequency
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factor, D,=6-10° /s, isusedinthecalculations. The
most reliablecalculated resultsin Figure3arelikdy to
bethosefor the oxideswiththechemica composition
MO,. For such oxides, the experimental dataof four
different studiesarelistedin TABLE 1 and thediver-
gence between the cal culated and experimentd datais
not greater than one order of magnitude. Animportant
point isthat the cal culated results presentedin Figure 3
can be used asabenchmark whenitisimpossibleto
obtain thedataon diffusion by therma equilibrium va
cancesexperimentdly, for example, for oxidesinwhich
structura vacanciesexist at any temperatures.

TABLE 1 : Parameters of temperature dependence for

reliabledata on oxygen diffusion coefficientsin binary metal
oxides

Index Measured Dif_fusi_on Frequency
Oxide xin temperature zﬁ;ﬁ“on factor Dy, Reference
MO, interval, °C o, E\E)y m?/s
CoO 1 1100-1500 4.47 8.6:10° [11]
Fe,0; 15 900-1250 3.38 2.04-10* [12]
Zro, 2 450-980 2.29 25107 [10]
TiO, 2 900-1300 2.6 2107 [13]
IrO, 2 600-765 2.73 2.810° [14]
ThO, 2  1099-1644 2.27 5.67-107 [15]
Nb,Os 25  800-1200 2.14 1.72-10° [16]
reI
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Figure2: Activation enthalpy Q of oxygen diffusionin binary
oxidesasafunction of thevaluesof indexxin MO, (empirical
dependence).

Figure4 depictsthecalculated D (T) dependences
for theoxides containing structurd vacanciesintheoxy-
gen sublattice. Thesedependencesare of thesameform
astheD (T) curvesin Figure 1. Specifically, thecalcu-
lated resultsareshownin Figure4 for MO, at =0 (line
1), =108 (line 2), and =10 (line 3). The parameters of
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thecdculated curvesaregiveninthecaption. Thedot-
tedlinesin Figure4 arethe D (T) dependencesfor the
temperatureintervalsin which the contributionsto D
duetodiffusion by therma equilibriumvacanciesand
by structural vacanciesare comparable. Notethefol-
lowing main characteristics of the D (T) dependences
on Figure4. Intheabsenceof structural vacancies, the
D (T) dependenceisdueto diffusion by thermal equi-
librium vacanciesand it isdescribed by theArrhenius
equation. Inthe presence of structural vacancies, the
IgD versus T dependences haveinflections, and, as
mentioned above, threetemperatureintervalscan be
distinguished. It isseenthat even at very low concen-
trations of structural vacancies (= 10°°) their influence
onthebulk oxygen diffusion coefficientsisvery strong.
Inthiscase, the D (T) dependence corresponding to
diffusion by therma equilibrium vacanciescan beob-
served experimentally only at temperaturesT> T, H”
1200 K. At lower temperatures, the D (T) valuesinthe
oxidescontaining structura vacancieswill behigher than
thosein theoxidewithout impurity atomsinthecationic
sublattice. Asthetemperature lowers, theratios of the
corresponding diffusion coefficientsincrease. For ex-
ample, at temperaturesbelow 700K theseratioswill
be4 ordersof magnitude or greater. From Figure 3itis
obviousthat theeffect of impuritiesontheoxygen dif-
fusion coefficientsincreaseswhentheindex xinMQO,
decreases. In the framework of the discussed model
for oxideswith the chemica composition MO, diffu-
sion by thermal equilibriumvacanciesat = 10 canbe
observed experimentally only at T> 2500 K.

The above analysis showsthat the experimental
vauesof D will correspond to oxygen bulk diffusion by
therma equilibriumvacanciesonly at hightemperatures
and low concentrations of impurities. In other cases,
the experimental D valuesinreal crystalsshould be
higher thanin oxides containing noimpurities, seeFg-
ure4. Accordingly, theexperimentd vauesof diffuson
activation enthal py and frequency factor inreal crystas
should belower thanin oxideswithout impurities. In
principle, theseresultscan beverified experimentaly.
Inthisconnection we have analyzed the availablelit-
erature dataon oxygen diffusion coefficientsin binary
oxides, whichwerenot includedinTABLE 1. Wecon-
sidered only the dataobtained by direct methodsfor
measuring the concentration profiles of tracers. This
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conditionwasconsidered to betheminima criterion of
reliability of experimenta data. No limitationsonthe
frequency factor valuewereimposed intheanaysis.
Theanalysisshowed that the aboveregularitiesfor the
diffuson coefficient, activation enthd py, and frequency
factor arenot alwaysfulfilled. The experimental data
on oxygen diffusion in the binary oxides MgO'7,
Cr,0,, CoO™, NiO?, and ZnOi?Y did not con-
tradict themode or werein satisfactory agreement with
it. At the same time, some other data obtained for
UO,2, A0, CdO™, and ZnO*! oxideswerein
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Figure3: Resultsof calculation with expression (1) of the
dependence of coefficients of bulk diffusion D on the
reciprocal absolutetemperature T for diffusion by thermal
equilibriumvacancies. 1- MO oxides, Q=4.5eV; 2-MO,
oxides, Q= 3.4 eV; 3—- MO, oxides, Q=25¢€V; 4-MO,,
oxides, Q=2.15eV; D,=6-10°m?sin all cases.
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Figure4: Coefficientsof bulk diffusion D asafunction of
thereciprocal absolutetemperatureT*for MO, oxides: 1
calculation with expression (1) for diffusion by thermal equi-
librium vacancies, Q =2.5eV, D, = 6:10° m?s; 2 and 3 -
calculation with expression (3) for diffusion by structural
vacancies, D =6-10°m?/s, C = 10®and 10°for lines2 and
3, respectively.
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conflict withthemodel. In particular, theseworksre-
ported overestimated frequency factors. 1.2:102,
2.06-102, 3.8:102, and 6.5-10” m?/s, respectively.
Such datamay beindicativein somecasesof themodd
inadequacy; for example, the correl ation effectswere
not taken into account. Their cons deration may change
essentially thetheoretical resultsin caseof strongin-
teraction of oxygenionswith impurity atoms. It isnot
ruled out that some experimentswere performed in
the conditions when the concentration of structural
vacancieswas afunction of temperature. Theseis-
suesrequire additional experimental and theoretical
examination.
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