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Entropy favors defects
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DefectsDefects in pure Crin pure Cr22OO33

• Possible intrinsic defect reactions

Schottky: = 2vCr′′′ + 3vO
••

Cation Frenkel: CrCr
× = vCr′′′ + Cri

•••

Anion Frenkel: OO
× = vO

•• + Oi′′

Intrinsic ionisation: nil = e′ + h•

2CrCr
× + 3OO

× + 2CrCr
× + 3OO

×nil

e′→ CrCr′ (Cr2+)
h• → CrCr

• (Cr4+)
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RedoxRedox compensationscompensations in  Crin  Cr22OO33

SublatticeSublattice CrCr3+3+

SublatticeSublattice OO22––

Excess oxygen

Metal deficit

oror
Oxygen deficit

Excess metal

oror

→
anti Schottk

y

→→ CationCation FrenkelFrenkel

→→ Anion Anion FrenkelFrenkel

Cri
•••

Oi′′vO
••

vCr′′′

→→
Schottky

Schottky
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ReductionReduction OxidationOxidation

SchottkySchottky--typetype compensationcompensation

• Reduction
OO

× = 2e′ + vO
•• + 1/2 O2(g)

• Oxidation
3/2 O2(g) = 6h• + 2vCr′′′ + 3OO

×

Approximation adopted:
Vacancies are fully ionized

e′→ CrCr′ (Cr2+)

h• → CrCr
• (Cr4+)

DefectDefect equilibriaequilibria

• Schottky

• Intrinsic ionization of electrons

• Oxidation

• Reduction

• Electroneutrality condition

KS= [vCr′′′]2[vO
••]3

Ki= [e′][h•]

OO
× = 2e′ + vO

•• + 1/2 O2(g)

3/2 O2(g) = 6h• + 2vCr′′′ + 3OO
× [vCr′′′]2[h•]6 = Kox·pO2

3/2

[vO
••][e′]2 = Kred·pO2

–1/2

3[vCr′′′] + [e′] = [h•] + 2[vO
••]

nilnil = 2vCr′′′ + 3vO
••

nil = e′ + h•

KS·Ki
6 = Kox· Kred

3

Approximation adopted
Concentrations of lattice sites =1  >>  concentrations of defects Defect concentrations as a function

of pO2
, with KS, Ki, Kox as parameters

2[h•]5(KS/Kox)1/3pO2
–1/2+[h•]4–Ki[h•]2–3Kox

1/2pO2
3/4=0

3[vCr′′′]5/3+[vCr′′′]KiKox
–1/6pO2

–1/4–[vCr′′′]1/3Kox
1/6pO2

1/4–2KS
1/3=0

3[e′]5(Kox
1/2/Ki

3)pO2
3/4+[e′]3–Ki[e′]–2(Ks/Kox)1/3KipO2

–1/2=0

2[vO
••]5/2+[vO

••]2(Kox/KS)1/6pO2
1/4–Ki[vO

••](KS/Kox)1/6pO2
–1/4–3KS

1/2=0



Defect concentrations
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Acceptor doping; Cr2-xMgxO3+w

• Schottky

• Intrinsic ionization of electrons

• Oxidation

• Reduction

• Electroneutrality condition

KS= [vCr′′′]2[vO
••]3

Ki= [e′][h•]

OO
× = 2e′ + vO

•• + 1/2 O2(g)

3/2 O2(g)  = 6h• + 2vCr′′′ + 3OO
× [vCr′′′]2[h•]6 = Kox·pO2

3/2

[vO
••][e′]2 = Kred·pO2

–1/2

3[vCr′′′]+[e′] + + [[MgMgCrCr′′]] ==[h•]+2[vO
••]

nilnil = 2vCr′′′ + 3vO
••

nil = e′ + h•

Defect concentrations
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The same for donor doping
Cr2-xTixO3+w
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Wide range of nonstoichiometry

Continuous oxygen occupation between two limiting structural polyhedra

YBa2Cu3O7YBa2Cu3O6 +    +    ½½ OO22(g)    =(g)    =

Constant O2 pressure
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BaO2→BaO+½O2

BaO

BaO
2

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

Approaches

• Defect model as a doped oxide

– Either YBa2Cu3O6 or YBa2Cu3O7

• Phenomenological defect models with defect

clustering

• Lattice-gas model (thermodynamic approach)



Stoichiometric composition?
YBa2Cu3O7YBa2Cu3O6

Cu+ →

Cu2+ →

Cu2+ →

→ Cu5/3+

Doping the stoichiometric point

• Y3Cu3
5/3+O7 acceptor-doped with 2Ba

Doping defines an oxygen-content change between: 
– Integer-valence composition (when e′ = h•), and 
– Integer-structure composition

Just like for Cr2-xMgxO3, between:
– trivalent Cr (and some oxygen vacancies), and
– the integer structure of the oxide with 3O per metal atom 

(and some tetravalent chromium)

DefectsDefects in pure Yin pure Y33CuCu33
5/3+5/3+OO77

•• IntrinsicIntrinsic defectdefect reactionsreactions

Anion Frenkel: OO
× = vO

•• + Oi′′

Intrinsic ionisation: nil = e′ + h•

AccAcc. Doping:  Y. Doping:  Y33--22BaBa22CuCu33
5/3+5/3+OO77

• Anion Frenkel

• Intrinsic ionization of electrons

• Oxidation

• Reduction

• Electroneutrality condition

KF= [vO
••][Oi′′]

Ki= [e′][h•]

OO
× = 2e′ + vO

•• + ½O2(g)

½O2(g) = 2h• + Oi′′ [Oi′′][h•]2 = Kox·pO2
1/2

[vO
••][e′]2 = Kred·pO2

–1/2

2+2[Oi′′]+[e′] = = [h•]+2[vO
••]

OO
× = vO

•• + Oi′′

nil = e′ + h•

KF·Ki
2 = Kox· Kred

[BaY′]=2
””DefectDefect””

concentrationsconcentrations
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OxygenOxygen engineeringengineering

• Control of the overall oxygen content
• Control of its distribution
• Evaluation of the distribution



Oxygen content distribution
Karen:   J. Solid State Chem. 170 (2003) 9

An orthorhombic perovskite
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Control Control ofof oxygenoxygen contentcontent

SystemRedox reagensControl 
parameters
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Equilibration with pO2
getter

nMOi +∆i + n∆i/2 Zr → nMOi + n∆i/2 ZrO2

Properties that are very sensitive to 
the oxygen nonstoichiometry

• Properties that change abruptly at the

stoichiometric point

• Properties related to valence mixing

Seebeck coefficient at the
stoichiometric point

T = 250 K

NdBaCo2
IIIO5.50

S
(µ

V
/K

)

0

Co3+

5.50 5.605.40

+

– 1. Uncertainty in doping level? 
or 
2. Higher mobility of h• than e′

Unpublished:  Okamoto: Tokyo Institute of Technology
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Verwey transition in magnetite

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


