Nonstoichiometry in oxides and
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Entropy favors defects
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Schottky-type compensation

* Reduction

O0p*=2¢"+vy" +1/2 0y e — Crg, (Cr¥)
+ Oxidation
3/2 Oy = 6h" +2v5," + 30, h— Cres (Cr')
Approximation adopted:

Vacancies are fully ionized

Contents

Infinite networks are nonstoichiometric
* Cr,0; as an example

Oxides with wide nonstoichiometry ranges
* YBa,Cu;0q,,, as an example

Oxygen engineering

Examples on properties

Defects in pure Cr,0,

* Possible intrinsic defect reactions
Schottky: 2Crg,* + 3081 = 2v, " + 3vy" + 2Cre,* + 30,
Cation Frenkel: Cre*=vg," + Cry
Anion Frenkel: Oy =vy"+ 0"

Intrinsic ionisation: nil=¢ +h
e — Crg,’ (Cr?)

h*— Crg,” (Cr*)

Approximation adopted
Concentrations of lattice sites =1 >> concentrations of defects

Defect equilibria

Schottky nil = 2ve," + 3v," K= [ve," TPlvo P
Intrinsic ionization of electrons nil=e'+#  K=[e[]

Oxidation 320, =6k +2v," +30,* e PIHT = Koo,

2(2)
Reduction 0y~=2¢'+v5" +1/2 0, o lle P = Keegpo,

Electroneutrality condition 3[ve"1+ [e]=[hT +2v]

K'S'[q6 = Kox. ]<recl3

Nonstoichiometry in
”stoichiometric’ oxides
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Stoiciometry

Defect concentrations as a function
of Poy; with K, K;, K, as parameters
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Cr,0s., w=(3/2)[v¢," 1=vo"]

Defect concentrations

CrZ—XTiA\‘O3+w W:(3/2)[Vcrm]_[v0“]

The same for donor doping
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Acceptor doping; Cr, Mg O,

Schottky nil = 2v¢, " + 3vp” Ks=[ve"PIvo' P
Intrinsic ionization of electrons nil=e'+#  K=[e[i]

Oxidation  320,(g) =6k +2v." +30,*  [vo" Pl =Koepo,
Reduction 0y*=2e¢'+v," +1/2 0y(g) Vo le P = KreyPo,

Electroneutrality condition — 3[ve"Ttle]+ [Mge/1=[7T+2[vo"]

Continuous oxygen occupation between two limiting structural polyhedra

Wide range of nonstoichiometry

YBa,Cu;0g  + 2048 = YBa,Cu0,

Constant temperature

YBa,Cu,0s,,,

10

Cu?" here does
not represent any
stoichiometric
composition

T T
3 2

log po, (bar)

Schleger, Hardy, Yang: Physica C176 (1991) 261

Cr, Mg 0;.,, w=3/2)[v¢," -vo"]

Defect concentrations
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Approaches

» Defect model as a doped oxide
— Either YBa,Cu;0, or YBa,Cu;0,

» Phenomenological defect models with defect
clustering

* Lattice-gas model (thermodynamic approach)




Stoichiometric composition? Doping the stoichiometric point Defects in pure Y;Cu;>**0,

YBa,Cu;04 YBa,Cu;0,

* Y;Cu,’**0; acceptor-doped with 2Ba » Intrinsic defect reactions

Doping defines an oxygen-content change between: Anion Frenkel: Op*=vy"+ 0"
— Integer-valence composition (when e’ = /), and L . ,

I Intrinsic ionisation: nil=e'+h*

— Integer-structure composition

Just like for Cr, Mg O;, between:
— trivalent Cr (and some oxygen vacancies), and
— the integer structure of the oxide with 30 per metal atom

(and some tetravalent chromium)

Data: Schleger, Hardy, Yang: Physica C176 (1991) 261

“Defect” — \
Acc. Doping: Y3,Ba,Cu;*0; concentrations i Temperature dependence

[Ba,1-2

e Anion Frenkel 0o*=v,"+0/" K= [vo"110,"]

1.0

YBa,Cu;04.,,

* Intrinsic ionization of electrons nil=e¢'+#r  K=[e][k]

4

» Oxidation Y0y = 20"+ 0" [0/TThT? = Kopo, '™

* Reduction 05 =2¢'+vy" + %0y Vo leT = Koeypo, 2

* Electroneutrality condition 2+2[0," e = [h]+2[v5] : i i ‘ w
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... of more data One more look at the raw data Oxygen engineering

 Control of the overall oxygen content
 Control of its distribution
» Evaluation of the distribution
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Oxygen content distribution
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Equilibration in a thermobalance

Properties that are very sensitive to
the oxygen nonstoichiometry

* Properties that change abruptly at the

stoichiometric point

* Properties related to valence mixing

Control of oxygen content

Control

Redox reagens System
parameters

T and Po, flowing gas open

mass, T’ flowing gas open

T Po, buffer closed

mass (ng,) oxygen getter closed
®
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Equilibration with Po, buffer
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Seebeck coefficient at the
stoichiometric point
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Equilibration|in flowing gas

Equilibration with Po, getter

+nAil2 Zr — nMO; + nAi/2 ZrO,

Crystal treatment: V.A.M. Brabers, Eindhoven University of Technology

Verwey transition in magnetite

Fe?*(Fe*'Fe’")0,,,
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