
Table of Contents 
 

Preface  v 

Notation  ix 

 
Part I - The Thermodynamics of Point Defects, Electrical Conductivity, 
Thermoelectric Power, Self-Diffusion and Chemical Diffusion in Non-Stoichiometric 
Oxides  1 
1. Thermodynamics of point defects in 3d metal oxides 1 

1.1. Introduction ............................................................................................................................... 1 

1.2. Equilibria of defects in M1−δO type oxides with defects in the cation sublattice ...................... 4 

1.2.1. Simple defects ..................................................................................................................... 4 

1.2.2. Interactions between defects – the formation of defect complexes and clusters ................ 7 

1.3. Point defects in oxides with defective cation and oxygen sublattices ..................................... 10 

1.3.1. Defect equilibria in M2−δO oxides .................................................................................... 10 

1.3.2. Defect equilibria in MO2−δ oxides .................................................................................... 12 

1.4. Method for derivation of the diagram of the concentrations of point defects in M1−δO-type 
oxides with defective cation sublattices ......................................................................................... 14 

1.4.1. Methodology for derivation of diagrams in case of simple defect structure .................... 15 

1.4.2. Methodology of diagram derivation in the case of the presence of defect complexes ..... 18 

1.5. Method for the derivation of diagrams of defects' concentrations in M2−δO type oxides with 
defective cation and oxygen sublattices ......................................................................................... 18 

1.6. Methodology for derivation of defect concentration diagrams in MO2−δ type oxides with a 
defective oxygen and cation sublattices ......................................................................................... 20 

1.7. Concentrations of point defects in doped oxides..................................................................... 21 

1.7.1. Introduction ....................................................................................................................... 21 

1.7.2. Doping of M1−δO-type oxides with a defective cation sublattice with  
A+ and D3+ ions ........................................................................................................................... 24 

1.7.3. Doping of MO2−δ-type oxides with defective cation and oxygen sublattices ................... 29 

1.7.4. Methods for determination of the diagrams of point defects in doped oxides ................. 32 

1.8. Determining the deviation from stoichiometry ....................................................................... 32 

1.9. Conclusions ............................................................................................................................. 34 

Tables ................................................................................................................................................. 36 

References .......................................................................................................................................... 36 
 

Non-Stoichiometric Oxides of 3d Metals. Concentration and Mobility of Electronic and IonicNon-Stoichiometric Oxides of 3d Metals. Concentration and Mobility of Electronic and IonicNon-Stoichiometric Oxides of 3d Metals. Concentration and Mobility of Electronic and IonicNon-Stoichiometric Oxides of 3d Metals. Concentration and Mobility of Electronic and Ionic
ISBN(softcover): 978-3-0364-0542-1     ISBN(eBook): 978-3-0364-1542-0



 
Non-Stoichiometric Oxides of 3d Metals. Concentration and Mobility of 

Electronic and Ionic Defects. 
 

xii 
 

2. Mobility and Electrical Conductivity of Electronic Defects and Thermoelectric 
Power in Metal Oxides 41 

2.1. Introduction ............................................................................................................................. 41 

2.2. Electrical conductivity ............................................................................................................. 41 

2.2.1. Methodology for measurement of electrical conductivity ................................................ 41 

2.2.2. Determining the concentration and mobility of charge carriers ....................................... 42 

2.2.3. The dependence of charge carrier mobility on temperature ............................................. 49 

2.3. Thermoelectric power and its dependence on charge carrier concentration. .......................... 50 

References .......................................................................................................................................... 56 
 
3. Diffusion of Ions via Defects – Their Mobility 58 

3.1. Introduction ............................................................................................................................. 58 

3.2. The self-diffusion and defect diffusion coefficients................................................................ 58 

3.3. The chemical diffusion coefficient .......................................................................................... 61 

3.3.1. Ambipolar and chemical diffusion ................................................................................... 61 

3.3.2. The relaxation method of chemical diffusion coefficient measurement .......................... 63 

3.3.3. The method of reaching an stationary state (Rosenburg method) .................................... 65 

3.3.4. The method of concentration equalization after metallic core depletion ......................... 66 

3.3.5. The method based on measurement of parabolic constants of metal oxidation rate ........ 66 

References .......................................................................................................................................... 67 
 
Part II - Concentration of Electronic and Ionic Defect and Transport Properties of 
Oxides of 3d Metals 68 
References .......................................................................................................................................... 69 

4. Concentration and mobility of electronic and ionic defects in nickel oxide,  
both pure and doped 69 

4.1. Introduction ............................................................................................................................. 69 

4.2. The results of charge carrier mobility calculations ................................................................. 71 

4.2.1. Nickel oxide, pure and doped with D3+ ions ..................................................................... 71 

4.2.2. Nickel oxide doped with A+ ions ...................................................................................... 86 

4.3. Thermoelectric power.............................................................................................................. 92 

4.4. Diffusion of ions via point defects .......................................................................................... 95 

4.4.1. The defect diffusion coefficients ...................................................................................... 95 

4.4.2. The chemical diffusion coefficient ................................................................................... 97 

4.5. Conclusions ........................................................................................................................... 100 

Tables ............................................................................................................................................... 101 

References ........................................................................................................................................ 104 



 xiii 
 

Foundations of Materials Science and Engineering Vol. 105 
 

5. The Concentration and Mobility of Electronic and Ionic Defects in Cobalt Oxide, 
both Pure and Doped  111 

5.1. Introduction ........................................................................................................................... 111 

5.2. The results of charge carrier mobility calculations ............................................................... 112 

5.2.1. Cobalt oxide, pure and doped with D3+ ions (Cr, Al, In, Ti) .......................................... 112 

5.2.2. Cobalt oxide doped with Li+ ions ................................................................................... 120 

5.2.3. Charge carrier mobility ................................................................................................... 123 

5.3. Thermoelectric power............................................................................................................ 132 

5.4. Diffusion of ions via point defects ........................................................................................ 137 

5.4.1. The defect diffusion coefficients .................................................................................... 137 

5.4.2. The chemical diffusion coefficient ................................................................................. 143 

5.5. Conclusions ........................................................................................................................... 146 

Tables ............................................................................................................................................... 147 

References ........................................................................................................................................ 150 
 
6. Concentration and Mobility of Electronic and Ionic Defects in Manganese Oxide, 
both Pure and Doped 155 

6.1. Introduction ........................................................................................................................... 155 

6.2. The results of the calculations of the concentration and mobility of electronic defects ....... 156 

6.2.1. The influence of impurities on the concentration and mobility of charge carriers ......... 156 

6.2.2. The influence of chromium ions on the concentration and mobility of charge carriers .. 162 

6.2.3. Charge carrier mobility ................................................................................................... 166 

6.2.4. Thermoelectric power ..................................................................................................... 171 

6.3. The defect diffusion coefficients ........................................................................................... 174 

6.4. Conclusions ........................................................................................................................... 178 

Tables ............................................................................................................................................... 179 

References ........................................................................................................................................ 182 
 
7. Concentration and Mobility of Electronic and Ionic Defects in Iron Oxide Fe1-δO 186 

7.1. Introduction ........................................................................................................................... 186 

7.2. The results of the calculations of the concentration and mobility of electron holes ............. 188 

7.2.1. Thermoelectric power ..................................................................................................... 197 

7.3. Diffusion of ions via point defects ........................................................................................ 200 

7.3.1. The defect diffusion coefficients .................................................................................... 200 

7.3.2. The chemical diffusion coefficient ................................................................................. 205 

7.4. Conclusions ........................................................................................................................... 207 

Tables ............................................................................................................................................... 208 

References ........................................................................................................................................ 210 



 
Non-Stoichiometric Oxides of 3d Metals. Concentration and Mobility of 

Electronic and Ionic Defects. 
 

xiv 
 

8. Concentration and Mobility of Electronic and Ionic Defects in Iron Oxide Doped 
with Manganese and Cobalt (Fe1-xMnx)1-δO and (Fe1-xCox)1-δO 219 

8.1. Introduction ........................................................................................................................... 219 

8.2. The results of the calculations of the concentration and mobility of charge carriers ............ 220 

8.2.1. Manganese-doped iron oxide (Fe1−xMnx)1−δO ................................................................ 220 

8.2.2. Cobalt-doped iron oxide (Fe1−xCox)1−δO ......................................................................... 228 

8.2.3. The mobility of charge carriers in (Fe1−xMnx)1−δO and (Fe1−xCox)1−δO .......................... 232 

8.3. Thermoelectric power in the oxide (Fe1−xMnx)1−δO .............................................................. 235 

8.4. Diffusion of ions via point defects – The defect diffusion coefficient .................................. 238 

8.5. Conclusions ........................................................................................................................... 245 

Tables ............................................................................................................................................... 247 

References ........................................................................................................................................ 247 
 
9. Concentration and Mobility of Electronic and Ionic Defects in Copper (I) Oxide 
Cu2±δO 250 

9.1. Introduction ........................................................................................................................... 250 

9.2. The results of the calculations of the concentration and mobility of charge carriers ............ 251 

9.2.1. The charge carrier concentration .................................................................................... 251 

9.2.2. Charge carrier mobility ................................................................................................... 261 

9.2.3. Thermoelectric power ..................................................................................................... 265 

9.1. Diffusion of ions via point defects ........................................................................................ 268 

9.1.1. The defect diffusion coefficient ...................................................................................... 268 

9.1.2. The chemical diffusion coefficient ................................................................................. 274 

9.2. Conclusions ........................................................................................................................... 275 

Tables ............................................................................................................................................... 276 

References ........................................................................................................................................ 278 

 
10. Concentration and Mobility of Electronic and Ionic Defects in Titanium (IV) 
Dioxide TiO2-δ 283 

10.1. Introduction ......................................................................................................................... 283 

10.2. The results of the calculations of the concentration and mobility of charge carriers .......... 285 

10.2.1. The charge carrier concentration .................................................................................. 285 

10.2.2. The influence of doping with A3+ and D5+ ions on the concentration of  
charge carriers ........................................................................................................................... 291 

10.2.3. The mobility of electrons .............................................................................................. 304 

10.2.4. The mobility of holes and ionic defects ........................................................................ 306 

10.2.5. The influence of the concentration of A3+ (Cr, Mn, Al) ions on the concentration of 
electronic defects and their mobility ......................................................................................... 315 

10.2.6. The influence of doping with D5+ ions on the concentration of electrons .................... 324 



 xv 
 

Foundations of Materials Science and Engineering Vol. 105 
 

10.2.7. Thermoelectric power ................................................................................................... 329 

10.3. Diffusion of ions via point defects – their mobility ............................................................ 341 

10.3.1. The defect diffusion coefficient .................................................................................... 341 

10.3.2. The chemical diffusion coefficient ............................................................................... 349 

10.4. Conclusions ......................................................................................................................... 356 

Tables ............................................................................................................................................................. 358 

References ........................................................................................................................................ 359 
 
11. Structure and Concentration of Electronic and Ionic Defects and their Mobility 
in YBa2Cu3Ox 370 

11.1. Introduction ......................................................................................................................... 370 

11.2. Model of the point defects' structure and methodology for deriving diagrams of the 
concentration of point defects ...................................................................................................... 371 

11.3. Diagrams of concentrations of point defects for YBa2Cu3O6+δ........................................... 375 

11.4. Concentration and mobility of electronic defects................................................................ 391 

11.5. Thermoelectric power.......................................................................................................... 405 

11.6. The defect diffusion coefficient .......................................................................................... 410 

11.7. The chemical diffusion coefficient ...................................................................................... 413 

11.8. Conclusions ......................................................................................................................... 417 

Tables ............................................................................................................................................... 420 

References ........................................................................................................................................ 422 
 
12. The Structure and Concentration of Electronic and Ionic Defects in 3d Metal 
Oxides and their Transport Properties – A Short Summary and Discussion 431 

12.1. Concentration of electronic defects and electrical conductivity ......................................... 431 

12.2. Mobility of electronic defects.............................................................................................. 438 

12.3. The thermoelectric power and its dependence on the charge carrier concentration ........... 447 

12.4. The diffusion coefficient of defects and their concentrations ............................................. 451 

12.5. The chemical diffusion coefficients and their dependence on the defect diffusion 
coefficients and the defect concentrations .................................................................................... 456 

12.6. A proposition of a mechanism of diffusion through cation vacancies with different 
ionization states and interstitial ions ............................................................................................ 458 

Tables ............................................................................................................................................... 461 

References ........................................................................................................................................ 464 

 
 
Keyword Index ............................................................................................................................... 471 


	Table of Contents

