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Syrnbols and Nomenc1ature 

a., a.' Lattice parameter 

a Temperature independent paramagnetism 

at Atom 

A Area of the cross section of the sample 

A Tetrahedral sublattice of the spinel 

A Constant in the heat of transfer Q; Q = A k T 

b Ratio of mobilities IJ-p/ Jln 

B Octahedral sublattice of the spinel 

c Ratio of conductivities up / Un 

c, c' Lattice parameter 

C Curie constant 

Cv Heat capacity at constant volume 
E Activation energy 

EA Activation energy for a dielectric relaxation process 

Ee Energy at lowest level of the conduction band*; Ee == 0 

ED Energy of donor level 

EF Fermi energy level 

Eg Bandgap* 

Ev Energy at the top of the Valence band* 
f.c.c. Face centred cubic 

g Factor taking account of spin degeneracy for the number of donor states 

HS High spin 

HT High temperature(s) 

I Electrical current 

*We use the expressions 'band' and 'bandgap' in analogy to the use of these concepts 

in the field of semiconductors, although we do not know whether the electronic levels 

form bands 
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Np 

ND 

Nt 
P 

P 

P02 
q 

Q 
r 

rs 

R 

R 
sb 

S 

Si 

Sn 

Sp 
SIMS 

t 

tmo 

T 

Boltzmann constant 

Relation constant bet ween a and dEg/dT 

Length of the sample 

Distance between thermocouple contacts on the sample 

Length of sample at ~ 300 K 

Liqmd Nitrogen 

Low spin 

Low temperature(s) 

Total weight 

Mole 

Number of negative charge carriers (in the conduct ion band)* 

Effective density of states 

Density of states in the conduct ion band* 

Density of states in the valence band"' 

Density of donor states 

Density of ionized donor states 

Pressure 

Number of positive charge carriers (in the valence band)"' 

Oxygen partial pressure 

Electron charge 

Heat of transport of a charge carrier 

Radius 

Rigid Sphere model 

Gas constant 

Electrical resistance 

Spring-like Behaviour model 

Seebeck coefficient 

Seebeck coefficient for the number of intrinsic charge carriers at the 

temperature and in this material 

Seebeck coefficient due to negative charge carriers only 

Seebeck coefficient due to positive charge carriers only 

Secondary Ion Mass Spectroscopy 

Time 

Transition metal oxide( s) 

Temperature 
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Tav Average temperature for two temperature values of a hysteresis (in TGA) 

Tt-c Temperature where tetragonal to eubie transition oeeurs 

Tr Temperature-onset for reduetion in TG A 

TIf Néél temperature 

TGA Thermogravimetrie Analysis 

u Oxygen parameter of the spinellattiee, defined in figure 2.1 

U Coulomb-interaetion energy 

Ucr Coulomb-interaetion energy with erystal-field eorrection 

V Volume 

Vu Crystal unit ceU volume 

x Composition parameter for tmo (nominal content of specific metal) 

Xc-t Critical composition parameter, where a cubic to tetragonallattice-

transition oecurs 

XPS X-ray Photoelectron Speetroscopy 

z Progress of reaction 

Z Valence of an ion 

5N Spectroseopically pure, 99.999% pure 

a Linear thermal expansion coefficient 

an Normallattice linear thermal expansion eoefficient 

I Grüneisen parameter 

Ó Angle of relaxation 10ss 

ó Deviation from oxygen stoichiometry 

ACT Charge-transfer energy with erystal-field correct ion 

Act Charge-transfer energy 
AH Enthalpy of reaetion 

A V Electromotive force, potential difference 

AirS Relative expansion (e.g. in model 1, rigid sphere) 

ES Statie dieleetrie constant 

E"" Dieleetric constant for frequencies wr) 1 

en Debye temperature 

e AF Antiferromagnetic Curie-Weiss temperature 

K Compressibility 
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Ikn Mobility of negative charge carriers 

I'-p Mobility of positive charge carriers 

1'-pA. Mobility of the positive charge carriers in the A-sublattice 

I'-pB . Mobility of the positive charge carriers in the B-sublattice 

v Vibration frequency of the lattice 

u Electrical conductivity 

Un Conductivity of negative charge carriers 

up Conductivity of positive charge carriers 

l' Relaxation time 

1'0 Pre-exponential factor for relaxation time of dielectric relaxation 

W Angular frequency 

Wo Pre-exponential factor for angular frequency of dielectric relaxation 

wrn Frequency where tan6 has a maximum 

X Magnetic susceptibility 

'Ij; Electrochemical potential 
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Chapter 1 

Introduction 

In this thesis, mainly experimental work on same Co-Mn-oxide spinels is present ed. 

A number of different oxides were prepared and investigated on thermal, electrical, 

and dielectric properties. The aim of the work was to develop a model of charge
carrier creation in these materials. 

In the Co-Mn oxides, crystallized in the spinel structure, the cations have different 

valencies. Many transition-metal oxides with mixed-valence cations show high elec

trical conductivity. This is caused by fast charge-carrier exchange bet ween adjacent 

cations, in which 3-d levels of the ca.tions are involved. Typical examples are vana

dium bronzes like Ti40 7, and the ferrite Fea04' 
However, mixed valencies do not necessarily lead to high electrical conductivity. As 

an example, the conductivity of COsO. and MnaO., in which bi- and trivalent 
cations are present, is low (at room temperature 10-4 n-1cm -1 and 10-6 n-1cm-1 

respectively) compared with that of Fea04 (102 n-1cm- I ). The difference in conduc

tivity is related to the cation distribution in the spinel structure. The cobalt and 

manganese oxides COsO. and MnaO. (CoII[Co~II]O. and MnII[Mn~II]04 respectively) 

have the normal spinel structure whereas the iron oxide FeaO. has the inverse spinel 
structure, denoted by FeIII[FeIIFeIII]0 •. In FesO. the high conductivity is due to the 

combined effect of mixed valence of the iron ions on the same octahedral sublattice 

and the small distance bet ween neighbouring octahedral sites. Therefore, direct 

cation-cation interactions are possible, and the dominant conduction process is the 

electron transfer bet ween octahedral iron ions. In contrast to this, in the materials 

CoaO. and Mna04' the electron transfer has to occur either between cations on tetra
hedral and octahedral sites at a relative large distance, or bet ween cations on octa

hedral sites. Note that the latter transfer mechanism takes place bet ween equally 
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charged cations, and as such requires a relatively high activation energy for a dispro

portioning reaction. 

The mechanism of electrica.l charge transfer in normal spinels like COS04 and Mna04, 

and in the mixture Co3_xMnxO, is still not completely understood. The literature 

reviews in this thesis (§ 3.1 and § 7.1) show that severa.l questions are still open, 

particularly with respect to the thermally activated processes in these materiais. In 

this work, our special interest was directed towards the ionic and electronic structure 

of these materia.ls. It was our main purpose to investigate the thermally activated 

processes. They were investigated over a temperature range of 200 t 1100 K. As 

experimenta.l methods mainly thermal-expansion and Seebeck-coefficlent measure

ments were used. These experiments were done on materials which were synthesized 

and thereafter analyzed on chemica.l composition, crysta.l structure, and oxygen 

stoichiometry. Materials of various compositions were selected in order to obtain a 

variation in physica.1 properties. 

It will be shown that therma.l, magnetic, and electrical data can be explained on the 

basis of electronic transitions. 

The preparation of the specimens was an important part of the work. Methods hereto 

are described in genera.l in the first part of chapter 2. This is followed by the 

illustration of the applied ana.lyses used for characterization of the samples. Then the 

experimenta.l equipment is described, mostly specially built up for this study, and 

methods are outlined which are used for the determination of the physica.l quantities 

mentioned earlier. In chapter 3, the cobalt oxides are introduced. Literature is 

discussed, and specific preparation and ana.lysis techniques are reported. The oxygen 

stoichiometry is treated in detail. The subject of chapter 4 is thermal expansion of 

undoped and doped Coa0 4• Three possible electronic processes are discussed which 

can account for the anomalously increasing therma.l expansion of CoaO, ábove 600 K. 

In chapter 5, Seebeck-coefficient data of undoped and doped Coa0 4 are presented and 

explained via a two-charge-carrier semiconductor model. In chapter 6, the specific 

electronic processes underlying the expansion and the electrical and magnetic proper

ties are discussed. 

Similar work has been carried out with the mixed Co-Mn oxides, this is described in 

chapter 7. Qua.litative interpretations are presented with respect to· possible elec

tronic transitions bet ween Co- and Mn-ions. 

The main conclusions are given in the summary. 
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Chapter 2 

Experimental Methods 

Genera! informatioll is given about the polycrystalline sample preparation and 

remelted crystals. (A more specific description can be found in the sections concer

ning the variolls materiais. ) Thereafter the characterization methods are Olltlined: 

x-ray powder diffraction, XPS, SIMS, and thermogravimetrie ana!ysis. 

The last part of this chapter contains the description of the assemblies for measuring 

thermal expansion, Seebeck coefficient, electrical conductivity, and dielectric loss. 

The experiment al facilities enable us to record the physka! quantities as a function of 

temperature. 

2.1 Sample preparation 

2.1.1 Ceramic techniques 

Samples of transit ion metal oxides (tmo) are fabricated by sintering. The different 

steps which have to be followed during the preparation procedure are illustrated in 

the flow diagram of ligure 2.1. 

We implemented starting materials with the highest purity available: spec-pure (5N) 
materials from Merek, Darmstadt, BRD, unless indicated otherwise. 

Important features for the processing are: 

- reactivity 

- intimate mixing 

- reduction-oxidation processes 

- format ion of a single phase spinel with desired ionk distribution and correct 

cat ion-anion ratio, i.e. no deviation from oxygen stoichiometry 

- hardness and density of the samples. 
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Figure 2.1 

salt or oxyde 
basic 
materials 

different salts 
or oxides 

pre sintering of salts: 
decomposition and 

• oxygen enrichment: 
. calcination 

charcterization 

Schematic diagram for the preparation of tmo-material 

Chapter 2 
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The sintering temperature together with the surrounding gas atmosphere, Le., the 

oxygen partial pressure (POa) have to be selected to achieve a single-phase spinel. 
Suitable values may be obtained from phase diagrams of the distinct compounds. 

Sometimes, the phase diagrams of the desired tmo may be found in the literature. In 

several cases in the absence of literature data we had to determine the stability 
region in the phase diagram ourselves. 

The type of materials examined in this study were processed as follows (see fig. 2.1). 
For the cobalt (Co-) and manganese (Mn-) oxides, the procedure begins with the 
calcination of the starting material, in our case the oxalates of the met als Co and 

Mn. For the mixed series, the oxalates have to he analyzed with respect to their 

metal content in order to obtain the correct metal ratio in the mixed tmo. The 

components are mixed by hand and ball-milled in steel mortars for about 30 minu
tes. In all cases, calcination is done by heating slowly up from room temperature to 

about 600 Kunder oxygen gas-flow to guarantee a good oxygen enrichment and 
outgasing of the COa from the oxalic acid group. The materials are then balI milled 
(again) for about 30 minutes. This is followed by pressing the powders into rectangu
lar blocks of about 80x10xl0 mm3 with a pressure of 4 - 10.105 Pa in vacuum. 

Vacuum is applied to increase the density of the materiaL Furthermore, when 

vacuum is applied during pressing, the samples are less likely to be destroyed by 
saucer-shaped cracks. The blocks are then sintered on platinum plates at appropriate 

temperatures (1000 - 1600 K) and in appropriate gas atmospheres 
(P02 = 0.2 - 1.105 Pa). The furnaces used are equipped with temperature control
units. The lower the temperature, the longer the sinter-times have to be, in order to 
obtain hard, dense bars. The cooling procedures will he outlined in the specific cases. 
The resulting sintered polycrystalline bars are sawed into samples (polycrystalline) 
or long thin bars for the production of remelted crystals (via the floating-zone 
technique). Diagnostic methods descdbed later are used to charactedze the samples. 
Of ten the characterization as well as the results of the subsequent physical experi
ments lead to the modification of the preparation conditions in order to obtain an 

optimal procedure. 

2.1.2 Floating-mne technique 
It is desirabie to minimize the influence of grain boundaries. One of the possible 

methods which can be applied to increase the crystallite size is the floating-zone 
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technique. In the present investigation this technique was used to fabricate textured 

erystals of MnaO,. 

Sintered polycrystalline bars are first sawed into long tbin roundish bars of about 

80x5x5 mm3, af ter which the sharp edges are removed. The radiation of a xenon lamp 

(Philips, type CSX 2500) is foeussed by means of two elliptieal mirrors. A textured 

sood crystal is mounted with the desired erystal orientation vertica!ly aligned, and 

the polycrysta!line bar is a!so mounted near the focus. Both are brought into a 

rotating situation, the xenon lamp is switehed on, and the end pieces of the two 

materials are melted in the focus and then brought together. The rotating assembly 

is now slowly driven downwards through the focus so that the cooling fluid materia! 

is deposited on the sood erystal in single erysta!line form which transforms in the case 

of Mn30, into a textured form below 1433 K. The surrounding silica tube allows to 

flush with an inert gas or a gas of selected oxygen pressure during the melting and 
crysta!-growing process. The apparatus is described in detail elsewhere [BRA 71]. 

2.2 Chara.cterization of the materia1s 

2.2.1 X-ray powder diffraction 

Af ter ehecking cross sections of the sintered bars under the optica! microscope on 

spots of different shading which indicate second phases, they are analyzed with 
x-rays in order to determine the crystallographic structure and the lattice para

meters. In a Philips diffractometer different x-ray sourees and filters are used for the 

different tmo. Fine-ground powder is exposed to the x-rays, and a detector scans the 
reflections in the Debye-Scherrer configuration. Background radiation is eliminated 

with a pulse-height-discriminator (Philips, type pw 4082). A proportional counter 

registers the intensity of the reflections as a function of the double angle, which is 
recorded. The diffractograms obtained are analyzed visually, and with the aid of a 

computer program, lattiee parameters are ealeulated, making use of a number of 
reflections (with zero pointcorrection). 

It has to he kept in mind that although we use high resolution equipment, tbis 
technique only senses impurity phases exceeding concentrations in the order of 1 % of 

the crysta! volume. 
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2.2.2 Microscopie analysis 

For detailed microscopic analysis a piece of textured crystal is broken and polished (a 

'schliff' is made) so that a picture of the intersection can be taken. As it is mostly a 

small piece, it is casted in a mounting resin and then machine-polished. An ultra

sonic cleaning bath removes rests of paste and fine-ground material. The surface is 

then etched with warm hydrochloric acid. Under the microscope, lighted with nor mal 

or polarized light, grain sizes can be measured or texture of crystals can be observed. 

2.2.3 XPS and SIMS analysis 

With XPS (X-ray Photoelectron Spectroscopy) mono-energetic x-rays (in our case 

Mg Ka : 1253.6 eV of a PHI model 550 apparatus) are directed in ultra high vacuum 

at the surlace of the sample, which was shortly before created by breaking the sample 

in air. At the surface, the x-rays evoke the photo-emission of electrons with specific 

kinetic energies, which are related to the electron binding energies. These binding 

energies may be regarded as ionization energies typical of the atom and the particular 

electronic shell involved. We use this technique to detect possible chemical impuri

ties by scanning a part of the energy spectrum, and to gain information about the 

different electron binding energies, which may reveal different ionic states of the 

atoms in the material. 

SIMS (Secondary Ion Mass Spectroscopy) is an analytical technique where the 

surface is bombarded with primary ions in the energy range of several keV. The 

energy of the primary ions is collisionally imparted to the atoms in the first few 

monolayers of the surface. Some of these atoms acquire enough energy to escape trom 

the sample surface, and a small percentage of thEl$e are ionized. SIMS involves the 

collection and mass analysis of these secondary ions. We use argon ions for the 

primary beam. The SIMS technique has been used to make chemical depth profiles in 

order to detect possible grain boundary enrichment due to dope or accidental conta

mination. 

2.3 Thermogravimetric analysis 

As the oxygen stoichiometry of the samples is an important factor for the electrical 

conduction properties, it is useful to apply a thermogravimetric analysis (TOA) 

technique which records oxidation or reduction. TOA is carried out with a thermo

balance which measures the weight of a sample as a function of temperature and/or 
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time. If there is an oxygen exchange bet ween the sample and the surrounding gas, 

this is reeorded as a weight variation, provided the sensitivity of the balanee is high 

enough, and the influenee of disturbing forees is kept small. An experimental arrange

ment has been built which meets these demands, see figure 2.2. 

counter 
weight 

mechanical 
fixation 

Figure 2.2 

~ 
gas 

ourlet 

balance 

heat shield 

HI----f- sample 

furnace 

- gas in let 

control measuring 
thermocouples 

(a) 

/ 

quartz fibre 

L_J--I---+~- quartz cup 

1'--h,L--- ground sample 

aluminium 
oxide shields 

1------ thermocouples 

(b) 

Experimental arrangement for thermogravimetrie ana
lysis (TGA) 
Ca) : complete arrangement 
(b) : detail of the sample holder with turbulence shields 
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It is shown in fig. 2.2 how a. furnace is positioned under one arm of a digital zero 

point balance (Satorius 4411). The powdered sample is placed in a silica cup which 

hangs on a silica fibre at one arm of the balance. The other arm is loaded in an equal 

manner with an inert counter-weight to keep balance at the beginning of a mea.sure

ment. Both samples are contained in silica vessels in which a specified ambient gas or 

vacuum can he maintained. Great care has been taken to prevent turbulent gas flow 

in the arrangement. A correction is made for temperature-dependent disturbing 

forces (i.e. upward forces due to a temperature gradient and/or laminar gas flow). 

Tbis correction is determined by running a heating cycle with an inert reference 

sample. The apparent weight change measured in tbis way (always smaller than 5 % 
of the tot al weight variation with the sample) is then subtracted from the change in 

weight measured with the sample. An example of a recording of a TGA experiment 

can be found in figure 3.4. From this type of experiments the temperature at which 

the reduction of the material starts can he determined. 

2.4 Therm.al expa.nsion measurements 

A 'normal' thermal lattice expansion of materials is linear with increasing tempera

ture above their Debye temperature. If there are processes going on during the 

heating cycle, such as oxidation-reduction or other chemical reactions, crystal transi

tions, ionic, electronic, or magnetic (dis }ordering, or ion migration, the expansion 

curve will differ from the normal one. Expansion measurements are carried out to 

gain more information on these temperature-dependent processes. A sketch of the 

dilatometer is shown in figure 2.3. 

When the sample expands, the dilatation Al is transferred via a quartz rod to an 

inductive displacement sensor (Philips, type PT 9310/03) which is part of a 

measuring bridge (Philips, type PT 1200/01). lts output is connected to the y-input 

of an x-y recorder, the x-input is connected to the measuring thermocouple. The 

furnace temperature is regulated by a Honeywell temperature control-unit (type y 

153R1O-PH (131)-PI-20-R) which provides the possibility of heating and cooling at 

a constant rate. Experiments are carried out from room temperature either to the 

maximum temperature of the stability area of the specific samples or to 1200 K, the 

maximum furnace temperature. The gas atmosphere aronnd the sample can be con

trolled by flusbing with a gas of the desired composition. 
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water cooling 
gas outlet furnace , 

sensor 
PT 9310/03 

Figme 2.3 

( 
control 

quartz thermocouple 
gas inlet 

Experimental arrangement for measurement of thermal 
expansion 
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sample 

A recording of ihis type of measurements can be found in figme 4.4. From the slope 

of the curve the linear thermal expansion coefficient a is calculated. As the 

measurement results represent the difference in linear thermal expansion bet ween 

quartz and the sample material, a correction is made by adding 

aquartz = 0.5-10-6 K-1 [LAN 71] to the calculated values of a. An example of a 

graph of a vs temperature can be found in figure 4.1; there is an anomalous increase 

of the thermal expansion coefficient of CoaO, above 750 K. 

2.5 Seebeck coefficient and electrical conductivity 

The measurement of the Seebeck coefficient (thermoelectric effect or thermo( elec

tric )power) can give information about the kind of charge carrier dominating the 

charge-transport process. 

In materials with mobile charge carriers, a temperature difference aT across a 

sample creates an electrochemical potential difference 11 'IjJ. This potential difference is 

measured as electromotive force a V. Both increments are measured in the same 

direction along the sample (as usual). For smaH temperature differences and when no 

current is flowing, -(11 VI a Th=o gives the value of the Seebeck coefficient, and will 

he denoted by S. The definition 
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(2.1) 

makes S negative for n-type conduction. 

Two experimenta.l arrangements have been built for the measurement of the Seebeck 

coefficient and the conductivity as a function of temperatute. One for measurements 

above room temperature up to 1200 K (HT, High Temperatures), one for measure

ments fIom 20 - 400 K (LT, Low Temperatures). The arrangements are principally 

the same, the sample holder of the former is placed in a furnace, the sample holder of 

the latter in a cryostat, to create selected ambient temperatures, see flgures 2.4, 2.5, 

and 2.6. 

gas 
in let 

Figure 2.4 

gas outlet 
t 

measuring 
thermocouples 

furnace 

gas inlet pipe 

control 
thermocouples 

heating wires 

Sample holder and furnace for HT Seebeck-coefficient 
and electrica.l conductivity measurements 

sàmple 

Since a temperature difference is required at the two ends of the sample, it is placed 

between two heating elements which are independently connected to current sources 

and controlled via thermocouples. Between the heating elements and the sample, 

current contacts are mounted at either side for conductivity measurements. For HT 

measurements, two thermocouples of very thin wires (50 ttm) of platinum and 

platinum/lO % rhodium are stuck onto the sample with a spot « 1 mm
2

) of 

platinum paste (Johnson and Matthey, type N758). The paste is then baked out in an 
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atmosphere and at a temperature suitable for the sample. This treatment may only 

he carried out within the stability area of the spinel in the phase diagram. 

con trol 
thermo 
couple 1 

heating 
current 
contact 1 current current 

contact 1 contact 2 
(tor cr- - measurementl 

control .=--- thermo-
couple 2 

heatîng 
currenf 
contact 2 

Figure 2.5 Detail of sample holder for HT Seebeck-coefficient and 
electrical conductivity measurements 

The HT-arrangement allows measuring in different gas atmospheres or in vacuum of 
about 10-1 Pa. 

In the LT measurement, two ironj8% gold-chromel thermoeouples (50 p.m thin) are 

soldered on the sample with pure (5N) indium. Between the indium current contacts 

at both ends of the sample and the copper bloeks, a layer of epoxy resin (Stycast 

2850 OT) provides good thermal contact while electrically isolating the sample from 

the holder. 

The two thermocouples on the sample are used to measure the temperature difference 

!:::..T and the thermovoltage (eleetromotive force) !:::.. V. For one measuring point, five 

sets of temperature differences are created. Two in positive direction, two in negative 

direct ion, and one in the vicinity of zero, all with the same average temperature. By 

linear regression, one Seebeck coefficient is determined from the five measured 

thermovoltage - temperature-gradient pairs. In this way it is possible to eliminate 

spurious voltages in the circuit, which are almost inevitably present. 



Experimental Methods 

Figure 2.6 
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current 
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Sample holder and cryostat for LT Seebeck-coefficient 
and electrical conductivity measurements 
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It is important to reflect on the influence of grain boundaries in the polycrystalline 

samples on the measurement results. In the first instance it can be stated that the 
geometrical width of a grain boundary is small compared to the width of a grain. The 

temperature difference over a grain boundary perpendicular to the length of the 
sample will consequently be vanishing, and the thermovoltage with it, unless the 

thermopower in the grain-boundary material would be extremely high. If, in the 

worst case, there is a connection bet ween the two voltage measuring points via low 

resistance grain boundaries, this will probably not influence the S-value either, 

although there is the possibility that micro short-circuit currents in the grain 

boundaries lower the overall thermovoltage. It should be remembered that in case 
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there are 'low-resistance grain boundaries', these are usually of low resistance at 
higher voltages, but in many cases high at the very low voltages occurring in the 

S-measurement due to non-linearity of the interface contacts. A test for the reliabili
ty of our Seebeck-coefficient results is the comparison of data obtained with single 
crystalline specimens and polycrystalline samples. In the present case, the 
resemblance of own data (polycrystalline samples) with literature data (single 

crystalline samples) is satisfactory. 

Conductivity measurements are carried out in the same arrangements as the 
Seebeck-coefficient measurements; see figs 2.4, 2.5, and 2.6. The in~erpretation is 
difficult in many cases due to the complex influence of deviating grain-boundary 

resistance in the polycrystalline samples on the measured overall valuelof resistivity. 
Grain boundaries of lower resistance may, in extreme cases, short-circuit the bulk 
material, those of higher resistance anyhow lead to higher values of resistivity. 
Nevertheless, conductivity is always measured together with S. This ~s carried out 
when the temperature gradient is as close as possible to zero. Applying a four
contact method, the two current contacts at the ends of the sampl~ provide the 
electrical current I through the sample, and the voltage-difference t1 V is measured 
via the thermocouple wires on the sample. The resistance R is defined as R = t1 V /1. 
The resistance R is determined by finding the slope of the best fitting line through 

ten different voltage - current pairs at one temperature. Conductivity (J then follows 

from 

(2.2) 

where f. denotes the distance between the thermocouple contacts, and 
A denotes the area. of the cross section of the sample. 

The apparatus is controlled by a computer (Apple 2e). Measurements last up to 
several days; it is therefore very convenient to let them run automatically. BASIC 
programs provide measuring cycles set up in accordance with every sample. The 
flow-chart in figure 2.7 illustrates the sequence of the steps taken in a measurement 
cycle for S- and (J- measurements. 
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Figure 2.7 

measurement 
of S 

starting 
program 

control 
program 

handling 
and storage 
of tT-data 

handling 
and storage 
of S-data 

Flow chart of the automatic control of Seebeck-coeffi
cient and electrica.l conductivity measurements 
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DACs (Digital-Ana.log-Converters) provide the signals for the furnace, the heating 

elements, and the currents for conductivity measurements. Voltage and cunent data 

are registered in a data acquisition system (DAS), which is controlled by the 

computer. The DAS consists of a scanner (Keithley 705), which chooses the channel 

to be measured, a digital multimeter (Keithley 195A), and ADCs (Ana.log-Digita.l

Converters). The ADCs convert ana.log measuring data into digital data to be fUIther 

processed by the computer. The S-va.lues are corrected for the absolute va.lues of the 

Seebeck coefficients of the thermocouple met als. All data are stored and proeessed 

with the computer so that data plots ean be obtained at the end of a measuring cycle. 

Figure 2.8 shows a schematic view of the tota.l arrangement for control and perfor

mance of S- and O'-measurements. 
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Figure 2.8 Automatic control circuit for Seebeck-coefficient and 
eiectrical conductivity mea.surements 
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With both arrangements greatest care is taken to precisely measure T, V, and I . The 

degree of accuraey is estimated via eorrelation eoefficients. Various examples of 

S = f (T)-plots and one In (j = f (l/T)-plot ean be found elsewhere in this thesis 

(chapter 5). 

2.6 Dielectric rela.xation mea.surements 

'Schliffs' of the samples are examined under the optical microseope, because Iayers of 

differing conductivity parallel to the measuring electrodes ean also cause a dielectric 

relaxation-like behaviour. This so called Maxwell-Wagner effect ([MA X 73], 

[WAG 13]) has to be excluded in order to register bulk material properties. 

The complex dielectric constant has been measured with a Schering bridge (Rohde & 
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Schwarz dielectric test bridge, type VKB BN 3520), with a tunable indicating 

amplifier (Rohde & Schwarz, type UBM BN 12121/2), and an Re-generator (Rohde 

& Schwarz, type SRM BN 4085), snpplying freqnencies from 0.05 to 300 kHz. Three 

to four samples are placed parallel in one branch of the measnring bridge, which is 

shown in figure 2.9. The temperatnre of the samples can be varied between 170 and 

570 K. Data are collected by mannal trimming. Results of this measuring techniqne 

are presented in § 7.7. 

Figure 2.9 

generator 
tunable 

~--------~~.== amplifier 

thermostat 
Schering bridge 

Schematic representation of the experiment al arrange
ment for measnrement of dielectric relaxation 
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Chapter 3 

Co30. and other Cobalt Oxides 

In the first part of this chapter, a survey is given of the state of research on Co

oxides. A description of some relevant properties of the materials is presented, taken 

partly from literature, partly from results obtained in the present study. The prepa

ration of undoped as well as doped Coa0 4 samples is described. 

In the second part of the chapter, an equilibrium diagram for C030 4 - CoO is put up 

and compaÎed with literature data. Special attention is paid to the oxygen stoichio

metry of CoaO 4' Several methods (weight loss from TG A, shape of the curve from 

TGA, and x-ray diffractogram intensity analysis) do not give an indication of a 

variation of oxygen content in differently treated samples, while Seebeck-coefficient 

measurements seem to be sensitive to this. The investigation results, among other 

outcomes, in directions for fabricating stoichiometrie material. 

3.1 Characteristics of the materia1s 

3.L1 Crystallographic and m.agnetic stmcture of cobalt oxides 
Many tmo erystallize in the spinel strueture which received its name from the 

natural mineral MgAI20 4• The basis for this lattice is formed out of relatively large 

&nions, in our ease oxygen (02
-_ )ions, which lie together in a cubic close-packing 

f.c.c. lattice in first approximation. There are two kinds of cavities: one surrounded 

by 4 anions forming a tetrahedron, the other surrounded by 6 anions forming an 

octahedron. Only part of the cavities in spinel is fiUed with cations. In the unit ceIl of 

32 anions, 8 tetrahedral (A-)sites and 16 oetahedral (B-)sites are oeeupied. A seheme 

of the spinel structure is shown in figure 3.1. It is denoted by the formuIa 

Me[Me2104, where Me stands for a cation on an A-site, and [Me] for a cation on a 
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B-site. When the A-eations are bivalent and the B-eations are trivalent, the eonfi
guration is ealled a normal spinel. C030 4 is a normal spinel, and Mna04 is anormal 
spinel with a tetragonal deformation at room temperature. If all A-sites are oeeupied 

by trivalentions, the spinel is ealled inverse. In principle, with a varying degree of 
inversion, eonfigurations in bet ween are possible. 

Figure 3.1 

a 

• tetrahedral ion Co~+ 

0 octahedral ion CoAII+ 

or .... 
\_1 oxygenion 0 2-

One quarter of the unit eell of the spinel strueture of 
C030, 

The fee oxygen-Iattiee ean be distorted beeause of the filling of the eavities with 
anions. In general, this results in an expansion of the tetrahedral cavities and a 
compression of the octahedral eavities. A measure of this distortion is the oxygen 
parameter u (indicated in fig. 3.1) whieh is 0.375 in an undistorted ideal spinel 
crystal, but larger for most spinels. 

In the literature, information can be found about the structure of C030 4• It has the 
normal spinel structure, in this case C02+[Co~Il+]Oi-, with high-spin C02+ -ions 
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(HS, S = 3/2) occupying tetrahedral A-sites only, and low-spin CoTII+ - ions (LS, 

S = 0) on octahedral B-sites [COS 56]. The roman superscripts denote the LS state, 

the arabic superscripts denote the HS state. Cossee [COS 56] found evidence for this 

structure !rom magnetic susceptibility measurements in the temperature range of 

70 - 900 K. Other authors confirmed this with NMR-measurements [MIY 66] and 

neutron dif!raction analysis [ROT 64]. The lattice parameter of C030 4 is a = 0.8086 

± 0.0001 nm [KNO 68], confirmed with a = 0.8085 ± 0.0001 nm [WIL 87], deter

mined by x-ray dif!raction measurements. For the oxygen parameter u four values 

are reported: u = 0.392 [SMI 73J, u = 0.388 [ROT 64], u = 0.3887 ± 0.0003 [WIL 87], 

and u = 0.38861 [INF 75J; the last value detected via accurate neutron diffraction 
measurements and therefore taken as best value. 

Below N 40 K (Néél temperature T .. ) [SHE 76], [ANG 80], the tetrahedral magnetic 

Col+ -ions order antiferromagnetically, possibly due to indirect exchange via octa

hedral anions [ROT 64], [MIY 66], [KAM 66]. Mössbauer data lead to Tl( = 33 ± 1 K 

[KUE 69]. CO,,04, in comparison with other normal spinels, bas an anomalously 

strong A-A inter act ion [ROT 64/5]. The magnetic interactions are studied with 

inelastic neutron scattering, proving that nearest neighbour interactions are 

dominant [SCH 76]. 

In COsO, at high temperatures, there is evidence of a high-spin state of cobalt in 
octahedral surroundings, thus of Co~+. Touzelin [TOU 78] was the first to report on 

an unusual increase of the lattice parameter of COS04 at temperatures above 750 K. 

Colaïtis et alii [COL 71] also report a more than normal increase of the lattice 

parameter of CosO, above 770 K. A low- to high-spin transition of Co is proposed to 

account for the rapid increase of the unit-eeIl volume of CO,,04 at higher tempera

tures by O'Neill [ONE 85]. He measured the!ree energy of the reaction 

COS04 ::; 3 CoO + i O2 with an e.m.f. technique, and claims a phase trausition at 
1120 ± 20 K which he ascribes to a second order LS-HS transit ion of Co: 
CoäII+ ...... Co:+. 

An indica.tion of a low- to high-spin state transition is a180 reported to be found in 

the cobalt sesquioxide C020 a prepared under high pressure, which crystallizes in the 

eorundum structure under high pressure, with trivalent CoTII+ exclusively on octa

hedral sites [CHE 71]. Annealing at 670 Kunder atmospheric pressure causes a trans

formation to a different corundum structure accompanied by a volume expansion. 

This volume change of 6.7 % (corresponding to a change in length of 1.9 %) is 
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ascribed to a LS - HS transition of the Co-ion. 

In mddized spinel films of COS04, evidence of HS-states of trivalent Co-ions at B

sites is found by optical [BEL 83], Mössbauer and XPS measurements [CH! 84]. The 

HS-state is supposed to he stabilized by cation vacancies in the B-sublattice. The 

missing cations may provide more space for neighbouring cations favouring the 

HS C~+ -state. This is comparabie with the above mentioned findings in Co20 S 

prepared under high pressure. 

The magnitude of the LS - HS activation energy of a trivalent octahedral Co-ion 

depends on the crystal-field strength. In some mixed cobalt oxides, e.g. in LaCoOa 
[RAC 67], [BH! 72], [BH! 75], the crystal field strength is close to the cross-over 

point. The cross-over point represents the situation where the crystal-field splitting 

equals about the splitting due to spin-or bit coupling. A temperature dependent 

population of the two spin states can then be expected. The energy for this transition 

in LaCo0 3 is estimated to be in the order of 0.01 eV [JON 66] to 0.02 eV [BHI 72], 
[MAR 80]. In La2Lio.sC00.504, which crystallizes in what could he considered as a 
sort of two- dimensional analogof the perovskite structure, the LS - HS transition 
energy is reported to be about 0.13 eV [BLA 65]. The temperature range for this 

transition in La-Co-oxides is 400 - 500 K [COU 82]. A relatively high activation 
energy of 0.8 eV for the CoIII+ - CoH transition in LiCo02 is reported by Bongers 

[BON 57]. 

3.1.2 Oxygen content of CoIO" 
Literature information about the relative oxygen content in C030 4 is contradictory, 
which may he due to the difficulty in precisely analyzing this quantity. 

Cossee [COS 56] reports a slight oxygen deficiency (most likely realized by inter

stitial cations) for samples of COS04 prepared from Co-oxalate and sintered in pure 

oxygen at temperatures between 870 and 1170 K. He concludes this from final weight 

determinations and oxidizing power measurements. According to our annealing 

results, the materials prepared in this way contain an excess of oxygen, thus Co

vacancies. 

Contrary to Cossee, and in conformity with our findings, evidence is found for excess 

of oxygen in the spinel COS04 by other authors too. Angelov et alii [ANG 80] pre

pared samples between 670 and 970 K by decomposition of cobaltous nitrate in air. 

All the samples revealed an excess of oxygen, detected with EPR measurements. 

Mehandjiev et alii [MEH 83] fabricated Coa0 4 by firing cobaltous nitrate in air at 
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temperatures ranging fIom 670 to 1070 K, which resulted in an oxygen excess. 

Marcu8-5aubat et alii [MAR 86] a180 prepared samples at a certain temperature and 

at a certain oxygen partial pressure, which correspond to a point below the phase 

boundary bet ween CosO. and Coo. They obtained material with an excess of 

oxygen. 

[ANG 80], [MER 83], and [MAR 86] found, through different measuring and calcula

tion procedures, that the oxygen content of the surface of CoaO. may be very diffe

rent to that of the bulk. Excess of oxygen (ó) is always larger at the surface; the last 

group of authors report that only 20 % of the excess is present in the bulk, the other 

part of the surplus is forming an oxygen enriched surface layer with 0-, with a thick

ness in the order of one lattice constant. The excess of oxygen may be as high as 

ó = 0.18 [MER 83]. In films it may be even higher: ó = 0.21 due to the large surface 

[BEL 86]. As mentioned earller, the stabilization of defects at the surface is believed 

to be facilitated by the existence of high-spin Co:+ in the presence of cation vacan

des [CH! 84], [BEL 86]. The location of the vacancies is therefore concluded by these 

authors to be on B-sites. 

3.1.3 Eledrical transport properties of cobalt oxides 

Several publications can he found about electrical properties of Coa0 4. The state

ments herein, however, are contradictory. 

The behaviour of (J of polycrystalline Coa0 4 was studied in the low-temperature 

range fIom 12 to 300 K by Iliev et alii [ILI 82]. They explain the relatively high 
conductivity «(J ~ 10-1 n-1cm -1 at 300 K) with the existence of acceptor levels, 

linked with cat ion vacancies in the A-sublattice, located above the Col+ - 3d band. 

This conclusion was drawn because of a sharp minimum in the conductivity at TN, 

pointing to charge transport in the A -sublattice. Since Iliev et alii report p-type 
(hole) conduction in combination with a relative high conductivity at low tempera

tures, which is contrary to the results of [TAR 84] and our findings, we suspect that 
the'influence of impurities or grain boundaries could be a reason for these discrepan

des. 
Sunbov et alii [SUN 79] measured (J on sulphur-doped samples in a temperature 

range of 1038 K ::; T::; 1138 K. It is concluded that hole conduction in CoaO( 

involves A-sites. This concIusion, bowever, is based on only a few measuring points. 
Lithium (Li) has heen incorporated in COS04 by Appandairajan et alii [APP 81]. 

Tbey report x-ray powder-diffIaction and electrical transport measurements, and 
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conclude Li-incorporation to take place on B-sites, accompanied by charge compen

sation in the same sublattice. A hopping type of charge transport is suggested. 

Koumoto and Yanagida [KOU 81] also interpret S- and u-measurements of undoped 
and Li-substituted COS0 4• An impurity-induced hole conduction is observed for 

400 K < T < 900 K, and intrinsic behaviour at 900 K ~ T < 1130 K. Comparison of 

S- and u-data leads to a hopping scheme. An electron exchange between the sub

lattices is proposed to explain the intrinsic conduction at higher temperatures. 

However, details and specificargumentation for this model are not given. 

Another charge transport process must take place, if one follows the conclusions of 
Shimida et alii [SHI 85]. They combine lattice-constant data with measurements and 

model calculations of the effective magnetic moment of Li-doped COS0 4• The conclu

sion is that Li is incorporated on A -sites accompanied by charge compensation via 

Co:+ -ions on B-sites. This picture implies hole transport via Co:+ -ions in the 
Co~II+ -lattice. 

S- and u-measurements are reported on undoped and nickel-doped single-crystals of 

Coa0 4 by Tareen et alii [TAR 84]. They also report intrinsic conduction and suggest 
the process of electron exchange between the sublattices at higher temperatures. 

The variation in magnetic behaviour of Coa0 4+ö samples obtained by thermal decom

position of cobalt nitrate at various temperatures was investigated by Angelov et 

alii [ANG 79]. Their results imply cat ion vacancies with charge compensation on 
A-sites. 

Research done on thin film samples (see, e.g., [KOZ 83]) cannot straightforwardly be 
taken into account, because the crystalline structure of these large surface samples is 

different from the bulk samples used by us. This is due to a great number of defects 

on the surface. The interest in film samples and their electronic structure is 
connected with the good catalytic properties of the cobalt oxide. 

In [KOZ 83] infrared and Raman spectra of Coa0 4 films with different oxygen 

contents are interpreted in terms of a vacancy compensation via Co:+ in the octa
hedral sublattice. In [BEL 80], hole conduction is reported for non-stoichiometrie 

C03_X0 4 films bet ween 300 and 700 K. This finding is in line with our outcomes on 
bulk samples, although the absolute values are different. 

There is literature about Coo., the cobalt monoxide with rock-salt structure, where 

the cobalt ions only are in an octahedral oxygen surrounding. The divalent Co-îons 
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are reported to be in the high-spin state [BOS 68], [BOS 69]. The most reliable mea
surements are done with single crystalline specimens: A p-type hopping mechanism 

for charge transport is found in the temperature range of 300 to 550 K [JOS 80]. 

The information from the literature for C030 4 leads to a picture, where impurities 

may influence the conduction at lower temperatures and where an intrinsic charge

carrier creation is dominant at higher temperatures. Literature provides contradic

tory information on tetrahedra! or octahedral site hole-transport for the higher 

temperature region. In chapters 5 and 6 we will investigate which specific processes 

are responsible for the charge-carrier creation, and how the transport is taking place. 

3.2 Preparation techniques for undoped and doped C030 4 

Fabrication of C030 4 

With reference to the genera! description of preparation methods in § 2.1, the 

specific procedure followed to obtain COS04 samples will he pointed out here. 

Cobalt nitrate Co(NOah and oxalic acid C20 4H2 were mixed together in 

solutions in demineralized water, resulting in the precipitation of pink cobalt 

oxalate COC20 4. This was washed and dried, and its crystal water content was 

analyzed by a firing experiment. This experiment is done by weighing a portion of 

the oxa!ate, converting it into C030 4 by heating it in an oxygen-rich atmosphere 

up to 1000 K, quenching, and weighing this material. From the weight of the dry 

Coa0 4, the Co-content can he calculated, which implies the theoretica! weight of 
the starting portion of coba!t oxalate. The positive difference bet ween the deter

mined and the calculated weight of the oxalate is crystal water. The remaining 
cobalt oxalate was then calcinated by slowly warming it up to 570 K in pla.tinum 

cruciables and leaving it at this temperature for about 48 h. The resulting black 

coba!t oxide (C030 4 mainly) was pressed into blocks and sintered for 3 to 8 days 

in air or oxygen at temperatures bet ween 1070 and 1220 K. (It should be noted 

that a sinter time of one hour is sufficient for obtaining a single phase specimen, 

but longer sin tering results in denser samples.) Sinter temperature and partial 

oxygen pressure (P02) were chosen based upon results of various sinter experi

ments followed by x-ray analysis and thermogravimetrie analysis (see § 3.4). The 

samples used for electrical transport measurements were sintered in air at 1065 K. 
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Af ter the sinter process, the bars were cooled with a cooting rate of about 

20 Klmin. The P02 was adjusted according to the determined phase line (see 
figure 3.5) while cooIing. 

Preparation of doped CosO. 

In order to change the valence of a small part of the Co-ions, doped COaO. was 
prepared. 

- Lithium nitrate LiNOs (suprapur, Merck) was dissolved in demineralized water 

and added to the pre-fired Coa0 4• The slurry was then dried, balI milled for about 

30 minutes, pressed in blocks, and sintered like pure CoaO •. 

- Titanium was added in the form of titanium oxalate Ti2(C20.h in aqueous 

solution (made from TiCl3 + HCI, plus NHa, plus oxalic acid, by adding pure 

alcohol in aqua dem.) to the pre-fired CoaO •. The second part of the process of 
manufacture was the same as with Li-dopes. 

- Manganese was added in the form of manganese oxalate MnC20 4 (made from 

manganese nitrate Mn(NOah, with oxalic acid, see § 7.2) to the cobalt oxalate. 

The mixed powder was dissociated at slowly increasing temperatures up to 570 K, 

then balI milled for about 30 minutes and sintered at 1065 K in air in the form of a 

rectangular pressed block. 

3.3 Qualitative analysis of undoped aud doped CosO. samples 

3.3.1 X-ray powder diffracüon of undoped aud doped Co30. 

The sintered bars were hard and uniform with a density of about 4.9 g/cm3, which 

corresponds to 82 % of the theoretical density. A part of each bar was ground fine 
and used for x-ray powder diffraction analysis. Samples used for further experiments 

were single phase cubic spinels, tested by the diffractograms, with a crystal lattice 
parameter a. = 0.8086 ± 0.0003 nm (undoped CosO.) in accordance with the litera

ture values. The doped samples also resulted in a cubic single phase spinel with 

lattice parameters (a) listed in table 3.1 .. The lattice parameters eau give an 

indication whether the dope ions are substituted in the spinel lattice, depending on 

the size mismatch between dope and original ion. 
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Table 3.1. Lattice parameter a of doped C03_xMex04 (± 0.0003 nm) 

Me x 
nominal 

a [um] 

-- 0 0.8086 

0.0045 0.8089 
Li 0.01 0.8087 

0.05 0.8087 

0.001 0.8091 
Ti 0.01 0.8095 

0.1 0.8145 

0.001 0.8086 
Mn 0.01 0.8090 

0.05 0.8089 
0.1 0.8094 

Good estimations of ionic radii are given by Shannon and Prewitt [SHA 69], 

[SHA 70], [SHA 76]. The values are determined on a large number of oxides by 

averaging experiment al inter-atomie distanees and applying an approximately linear 

relationship bet ween ionic volume and ionic eeU volume over isotypic series of oxides. 

O'Neill and Navrotsky [ONE 83] have made estimations of some ionic radii especially 

for spinels based on data of Shannon and Prewitt. Relevant data of ionic radii r for 

spinels are displayed in table 3.2., completed with values !rom Shannon and Prewitt. 

Table 3.2. Radius of ions in the spinellattice 
(af ter [SHA 69], [SHA 70], [SHA 76], and [ONE 83]) 
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The values indicate why the lattice parameter is not changed significantly in the case 
of Li-dope, and why it is enhanced clearly by Ti-dope. Mn-data will be discussed in 
chapter 7. 

Since the lattice parameter of TiC020 4 is known from literature (a. = 0.848 nm 
[BRA 72]), it can be estimated whether all Ti-ions are implanted in the lattice. The 

lattice parameters of the three Ti-doped samples are even slightly larger than 
expected, if one assumes a linear dependence of lattice parameter with dope content 

from x = 0 to x = 1 in first approximation, (e.g. 4theor = 0.8125 nm fqr x(Ti) = 0.1 

versus ameas = 0.8145 nm for x(Ti) = 0.1 (see table 3.1.)). The linear approach is a 

rough estimatej it is therefore conc1uded from x-ray data thai the Ti-ions are 
incorporated in the lattice. 

3.3.2 SIMS analysis of doped CO.O. 

Interpretation of Seebeck-coefficient and electrical conductivity me.surements of 
Li-doped samples indicate that Li-ions might accumulate in the grain boundaries 
(see § 5.5). Therefore SIMS-spectra were taken of a Li-doped sample (figure 3.2), 

and, for comparison, of a Ti-doped sample (figure 3.3). The sputter time t 
corresponds to the profile depth in the sample, measured relative to the original 

surface. Analyses are made of fractured samples, fracturing taking place at gtain 

boundaries. Therefore, t = 0 may be assigned to a grain boundary. 
It can be seen that in the Li-doped sample there is an enrichment of Li at the grain 
boundaries. This implies that the desired dope concentration has not been achieved in 

the bulk material, but is significantly lower. In contrast with Li, no significant 
decrease or increase in concentration of Ti was noticed in the depth profile of Ti
doped samples. This supports the interpretation of the lattice parameters of the 

Ti-doped material in the previous section 3.3.1, where it was concluded that all Ti is 
incorporated in the lattice. For completeness it has to be mentioned that in both 
samples some sodium (Na) contamination was found, especially in the grain boun
daries, and most markedly in the Ti-doped sample. In undoped Co30 4 no N a
impurities have been detected. This means that the used titanium o:x;alate sol ut ion 
was contaminated with sodium. 
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3.4 The equilibrium Co30 4 - CoO 

We are principally interested in the stoichiometry of the C030 4 materi~l. One of the 

aims of TGA and sinter experiments, described in the following, is to know how 

stoichiometric material of the exact 3 : 4 composition can be produced. The series of 

TGA reveals also the reaction enthalpy of the CoO - C030 4 transition, which can be 

compared with literature values, and which will be discussed in § 6.2. 

Thermogravimetrie analysis 

The technique of thermogravimetric analysis (TGA) was employed for the study of 

the co-o system. The chemical reaction taking place in a certain temperature range 

is: 

C030 4 ~ 3 CoO + t 02t + ~H , (3.1) 

where ~H is half of the reaction enthalpy per oxygen molecule. 

It was found experimentally that the amount of oxygen desorption during the Coa0 4 

- CoO phase-transition was the same as the oxygen absorption during the CoO -

C030 4 phase-transition. No weight loss was observed up to the temperature of the 

phase transit ion, as carefully is recorded from 300 K upwards. It was proven that in 

the case of weight loss at temperatures lower than the transit ion temperature, this 

weight loss was due to deeomposition of carbon contamination, remaining as a 

residue due to fast and incomplete deeomposition of the oxalates in the first step of 

calcination. In all the samples the difference in weight loss ~g during the CoaO 4 -

CoO transition was 6.5 ± 0.1 mg per 100 mg sample, whilst the calculated difference 

is 6.64 ± 0.01 mg per 100 mg sample. The discrepaney amounts to 2.2 %, which can 

be explained by the fact that CoO can exist with an excess in o#gen content, 

Co0 1+s, with 5 ~ 0.003 at about 1220 K [ERO 68]. Another possibility for the expla-

nat ion of the difference is a small oxygen deficiency of Coa0 4• 

It can be seen in figure 3.4, that the reaction exhibits a hysteresis effect. The figure is 

shown as an example of different recordings. The hysteresis effect increases upon 

lowering the oxygen partial pressure or the temperature. The width of the hysteresis 

is also different for differently sintered or annealed samples. The effect does not 

depend upon the rate of heating or cooling, as proven by experiment al runs with a 

very low rate (5 K/h) where the material may be supposed to remain in equilibrium. 

Several research reports do not mention the hysteresis effect. 
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O'Bryan jr. and Paravano [OBR 65], however, note the same findings and ascribe the 

hysteresis to the presence of a nucleation barrier. They suggest two causes for this 

barrier. One is the large misfit bet ween the spinel (C030 4) and the rock-salt (CoO) 

lattice. It is reported to be 5 % for this system. (lf the thermal expansion of CoaO 4 

an CoO is taken into account [TOU 78], the misfit is 4 %.) The other cause could be 

the relatively. small cation-vacancy content of the cobalt monoxide phase. Since 

complexes of these defects resembie islands of spinel material within the rock-salt 

lattice, they function as nuclei for the formation of the spinel phase. Comparison 

with the system Fea04 - FeO lead to these suggestions of possible causes, because no 

hysteresis is recorded there, while the structural mismatch is smaller (2 %) and the 

concentration of cation vacancies is much higher (Fe01.09 versus Co01.ooa). The 

observed increase of the hysteresis at lower temperatures is a consequence of lower 

ion mobilities. A third explanation for the hysteresis could be deduced from the 
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results of Novákov! et alii [NOV 65], who conclude that COsO, and Co are always 

ex.changing oxygen molecules with the gas phase, requiring two-oxygen-ion-processes 

at the spinel interface. 

Measuring the weight variation in different oxygen atmospheres and recording the 

transition temperatures, an equilibrium diagram can be set up. 

Figure 3.5 shows data obtained on the equilibrium COS04 - CoO obtained by 

[AUK 64], [OBR 65], [ROl 62], as we11 as own measurements. As suggested in 

[OBR 65], we take the temperature ons et for reduction (Tr ) as the point of equilibri

um. Our results are in agreement with [ROl 62] and [AUK 64]. 

Figure 3.5 
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It can be seen in fig. 3.5 that a downward curvature of the equilibrium pressure line 

is obtained at lower temperatures. This indicates that the enthalpy of reaction 

increases at lower temperatures. Our suggestion is that the low-spin to high-spin 

transition of the ColI1+ -ion is causing a decrease of the enthalpy of reaction at higher 

T, which will be outlined in § 6.2. 

The enthalpy of reaction for COO --+ C030" 

The reaction enthaIpy AH for reaetion (3.1) ean be obtained !rom the slope of the 

line in the linear region according t~: 

d In ~2 _ _ l::.H 
d (ljT) - T [GUG 67] , 

where is the partial oxygen pressure I Pa, and 

is the enthalpy of reaction per molecule O2, 

Table 3.3. Experimental enthalpy of reaction for CoO ..... Coa0 4 

l::.H temperature method 
[eV lat 0] range [Kl 

1.64 923-1173 decomposition pressure 

1.67 11 calculations 

1.35 1070-1240 TGA 

1.77±0.02 1070-1240 g = f (P02) 
1.72 1170-1370 conductivity 

1.80 11 vacancy concentration 

1.74 !I TGA 

1.84 1033-1133 TGA 

1.97 850-1060 electrochemical 

2.00 1100 decomp. pressure + caic. 

2.02 1150-1175 conductivity 

1.79 873-1173 e1eetrochemical 

1.95±0.O5 1070-1175 TOA with Tr (reduction T) 

1.77±0.OS !I TOA with Tav (average T) 

(3.2) 

reference 

[ROl 62] 

[ROl 62] 

[AUK 64] 

[OBR 65J 

[ERO 68] 

[ERO 68] 

[ERO 68] 

[MEL 74] 

[ENO 77] 

[OPP 80] 

[KOU 81/2] 

[NAR 85] 

this study 

this study 
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Using again the onset temperature for reduction as the point of equilibrium, we find 

that llH = 1.95 ± 0.05 eV lat 0 (~45 ± 1 kcal/mol Co30.), if we take an average 
from measurements on different samples. Values from the literature are listed for 

comparison in table 3.3 .. 

We will use our experimentally deduced value for llH for a comparison with a llH 

value derived from specific heat values in § 6.2. 

Sinter experiments in pure oxygen 

The dissociation temperature in 100 % oxygen atmosphere (poz = 105 Pa) was 
confirmed through sinter-experiments (it could not be measured by TGA due to 

an experiment al temperature limit). The upper phase boundary of C030 4, where 

it starts to decompose into CoO + O2, was approached by annealing four different 

samples at four different temperatures in an oxygen atmosphere. The samples had 

been sintered as one block at 1073 K in air. The annealing temperatures were 

1203 K, 1213 K, 1218 K, and 1223 K in pure oxygen. The samples were analyzed 

with x-ray powder diffraction, af ter having been annealed for 24 hand having 
been cooled quickly (~ 20 K/min) in adjusted partial oxygen pressure parallel to 

the phase line. In the sample annealed at 1223 K, traces of CoO have been found 
by x-ray analysis. This meant that it had been treated in a region slighPy above 

the phase boundary, or that it has been reduced during cooIing. The latter 
possibility could be excluded from subsequent experiments where the cooling 

conditions had been changed systematically. The 1218 K-sample did hot show 
any traces of CoO. The stoichiometrie point of CoaO. is therefore bet ween 1218 K 
and 1222 K in 105 Pa (100 %)oxygen. We make note that there is no propf for the 

stoichiometrie 3 : 4 composition, but, on the other hand, there is no reason to 
doubt the existence of this composition. 
Comparing our sinter procedures for stoichiometrie Co30 ç material iwith the 

sinter procedures given in the literature, we mustconclude that the materials 

produced and used by other peop1e must contain an excess of oxygen. 

3.5 Deviations from stoichiometrie composition 

The relative oxygen content of C030 4 samples has been investigat~ by three 

different methods: weight 10ss in TGA, analysis of the shape of the TGA curve, and 
analysis of peak intensities of x-ray powder-diffraction spectra. This was done 
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because the Seebeck-coefficient data reveal some variation in the oxygen content. 

Figure 3.6 shows the Seebeck coefficient of two samples (.) and (D) measured as a 

function oftemperature. Sample (.) is Co30 4 material sintered in air at 1065 K, thus 

fabricated under stoichiometric conditions. Sample (D) is COS0 4 sintered in an 

identical manner, and annealed afterwards in pure oxygen for about 24 hours at 

1065 K. The S-data of the annealed sample are lower than the data of the stoichio

metrie sample. It should be reealled that S-measurements record mainly the bulk 

properties; this means that the composition of the bulk material must have changed. 

Referring to the picture of intrinsic charge-carrier creation, which will be introduced 

in chapter 5, an oxygen uptake of ó ~ 5·10- 4 per formula unit during the annealing 

procedure can be estimated. 
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Electrical conduetivity measurements carried out in this study and reported in § 5.7 

reveal no differences bet ween the conductivity of the two samples, which is in line 

with [KOU 81/2J, and contrary to [BLI 69]. 
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Theoretically, the O'-measurement is more sensitive to a relative change in number of 

charge carriers than the S-measurement. The fact that S is indicating a change in 

oxygen content, contrary to 0', points to the fact that we measure a larger number of 

charge carriers with 0', which may be due to the influence of grain boundaries. 

The Seebeck coefficient measurements reveal that there is a change in oxygen content 

in CosO" if treated in different ways with respect to the oxygen partial pressure. 

Weight 1088 analysis 

Variation in oxygen content should be reflected in weight loss Ag during the transi

tion Coa0 4±!\ (82:: 0) to CoO in TG A, if the measurement is sensitive enough, and if 

the end product CoO always has the same composition (equilibrium oxygen-pressure 

measurements of [ROl 62] point to this fact). 

Theoretically, it is possible to derive from TGA-data the defect structure of the 

spinel, i.e. whether vacancies are on A- or B-sites. For this purpose, a sample of 

COS04 <1\ was prepared by annealing the stoichiometric sample for 4 weeks in oxygen 

atmosphere at 770 K. However, no difference in weight loss bet ween the stoichio

metrie and the annealed sample was recorded during complete reduction, whilst more 

weight 1088 was expected for the oxidized (annealed) sample. This prevented the use 

of our TGA for crystallographic investigations. From the precision of measurement of 

weight 10ss, a maximal possible excess of oxygen can be deduced, which is 8 = 0.015, 

and is related to a sensitivity of the balance of 0.1 mg in this total-weight range. 

Shape of the TGA curve 

In samples with excess of oxygen one shou1d expect that during heating in TGA some 

10ss of oxygen may be measured at 10wer temperatures. It was, however, impossible 

to get information about cation vacancies or oxygen deficiency from ithe shape of 

weight-1oss curves. The curvature was the same, independent of the oxidation state 

of the sample. 

Analysis of x-ray diffractogram intensities 

The x-ray diagrams of samples sintered under different conditions were compared in 

order to try to find a relative indication of the oxygen content. The intensity of the 

reflection lines is composed of an angle factor and a structure factor, the latter is an 

indicator of the scattering factors of the ions in A-, B-, and O-sites and the numeric 

ratios of these ions. Five samples treated differently with respect to the oxygen 
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content were analysed with x-ray diffraction, but the ratios bet ween the intensities of 

distinct diffractions were the same within the fault margin for the five samples. This 

result is in line with [ANG 80li they conclude that the bulk material does not have 

cat ion vacancies. Our conclusion, however, is that the technique is not precise enough 

to indicate cation vacancies on A- or B-sites. 

Discussion of the precision of tbc preparation procedure 

With respect to thc transport properties of the material we take into consideration 

that charge carriers may be created by a deviation from stoichiometrie composition. 

Excess in oxygen is compensated by Co-ions with higher positive charge, resulting in 

positive charge carriers. An oxygen defidency evokes negative charge carriers. Since 

we measure dominant negative charge carriers at T < 300 K in undoped 

'stoichiometrie' COS04, we are aware of the {act that there is a possibility of oxygen 

deficiency in the lattice due to incorrect indication or measurement of temperature or 

oxygen partial pressure during the sintering or cooling procedure of the sample. This 

could result in some ions with lower valence on B-sites, thus C02+[Coi:itCo;tJo~~. 
The exact defect structure of the substoichiometrie spinel is not clear. However, the 

presence of oxygen vacancies is unlikely versus the presenee of cation interstitials. 

Nevertheless, in both cases a part of the octahedral coiII+ -ions will be reduced to 

C~+, creating negative charge carriers in the B-sublattice. 

3.6 Co20" existence or nonexistence of a. cation defident spinel 

In literature, cobalt(III)-oxide is mentioned, having a cation-deficient spinel

structure [NAT 28]. We are therefore interested in this material. Furthermore, there 

is a literature report about high-pressure fabricated C020 S [CRE 71]. Rowever, this 

oxide was expected to exist only at temperatures below about 700 K in air. The 

sintering of blocks of this material is therefore an unsuitable procedure. It is alSO 

impossible to obtain Co20, through oxidation of COS04 [LEB 29], excluding the 

practicability of converting a sintered specimen of Coa0 4 into Co20 a. 
We tried to prepare Co20 S by three different wet-chemical methods and possibly 

prove its existence by TGA. 

1. Following [LEB 29] an aniodic oxidation of CoSO 4 was tried. 



42 Chapter 3 

CoS04 aniodic oxidation in H2S0 4 ;:. CO
2
(S04h + KOH ;:. 

2Co(OHh = C020 3o(H20h 

The brownish slurry was carefully dried at 350 K and analyzed via TGA in nitrogen 

atmosphere, and by x-ray diffraction. The measured /).g proved that Co(OHh 

instead of Co(OH)s had been produced, which converted during TGA first into 

C030 4, and then into CoO, confirmed by x-ray analysis. 

2. In [ELS 77] a recipe is given for an electrolytic bath with 

CoCl2 + H6Te06 + NaF2• Different current densities were used; none of the experi

ments did provide a material with a resemblance to C020 3 with a corundum 

structure. 

3. Oxidation of cobaltous chloride CoCl2 in a solution of NaOH together with 

NaOCI (bleaching powder), (in this case, CaCIOel was used) [MUR 68] did not 

result in the product ion of C020 3• 

The opinion that C020 3 cannot be produced under atmospheric pressure is empha

sized by findings in different XPS studies [MCI 75], [CHU 76], [OKU 76], [BAR 78]. 

It was found that the so-called C020 3 consists of C030 4 or CoO, or a mixture of 

both. 

The major doubts about the existence of a cobalt(III)-oxide therefore have been 

intensified. The compound could not be synthesized by dry or wet chemical methods. 

The only possibility left is the synthesis under high pressure, which is reported by 

[CHE 71], but has not been confirmed so faro 

Concluding we state that we have no direct experiment al indication about the precise 

oxygen content of our samples. The maximal deviation from the stoichiometrie 

composition must be smaller than ê = 0.015, depending on the precision of the TGA. 

The Seebeck-coefficient measurements seem to be most sensitive for changes in 

oxygen content in these samples. The later reported S-measurements of doped C030 4 
(see chapter 5) show a relevant change of S already from a dope content of x = 0.001 

on. This justifies the assumption that deviations from stoichiometry are even smaller 

than ê ~ 0.001, and supports the later used assumption that the bulk of undoped 

C030 4 as prepared and used for electrical measurements can be considered as an 

intrinsic material. 
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Chapter 4 

The coba.lt oxide C030 4 with spinel structure reveals an anomalously high thermal 

expansion-coefficient above 750 K. The thermal expansion consists of a contribution 

of the normallattice thermal expansion and an extra thermal expansion. Electronic 

processes are discussed which can be the cause for this anomalously large increase of 

thermal expansion of C030,_ Three possible transitions are considered: (i) a low-spin 

to high-spin transition of Coill+ -ions on octahedral sites, (li) a charge disproportio

nat ion from trivalent Co-ions io bivalent and ietravaleni ions on ociahedral sites, 

and (lii) the electron exchange bet ween Co2+ -ions on tetrahedral and CoIII+ -ions on 

octahedral sites. 

4.1 Experimental results for thermal expansion and discussion 

Most materials show thermal expansion (= dilatation) as the temperature T is 

raised. The linear expansion coefficient Cl is defined by 

( 4.1) 

where 1 is the length of the sample. 

Ir the material is chemically and structurally stabie over the whole temperature 

range covered by the thermal expansion measurement, and there are no magnetic 

transitions, the measured dilatation t:.l will only he due to thermal expansion of the 

lattice. 



44 Chapter 4 

Transition-metal-oxide spinels, however, of ten show a temperature dependent 

electronic or ionic configuration. Volume changes associated with transition processes 

will he superposed on the normal thermal lattice expansion. This combined effect 

may cause a positive or negative a. Furthermore, as already mentioned in § 2.4, not 

only ionic, electronic or magnetic (dis )ordering transitions, but also chemical 

reactiol)s with the surrounding gas atmosphere may occur, and will be reflected in the 

thermal expansion, as long as they are associated with a change in specimen 

dimensions. 

Several experiment al runs have been carried out to measure a of polycrystalline 

samples of different Co-containing oxides in the temperature range 300 - 1070 K. 

The dilatation has been measured on samples which had been cooled slowly af ter 

sintering, and then cut into thin rods ( .. 15xlx1 mm3). During the experiments, the 

samples were heated and cooled at a rate of 2 K/minj t::.l was recorded continuously. 

Three groups of specimens were investigatedj the amount of the impuri~y is expressed 

by the parameter x. 

1. Co30 4, and doped Co3-xMex04 (xS 0.1), where Me is the dope ion: Mn or Ti. 

These samples show a strong anomalous expansion above 750 K. 

2. COs_xMnx04' with 0.2 < x :5 0.5, showing an intermediate anomalous expansion. 

3. Mixed crystals C03_xMnx04 (x> 0.5), CoAI20 4, and Co2Ti04 with no anomalous 

expansion. (The thermal expansion curve of C01.5Mn1.504 will be presented and 

discussed in § 7.4.) 

Figure 4.1 shows a of four compositions: group 1: curves 1 to 3, 

group 2: curve 4. 

Figure 4.2 shows a of four compositions of group 3: curves 5 to 8. 

The anomalous expansion observed in COS04 is a rat her unique phenomenon in 

comparison with other transition metal oxides. As cited in § 3.1.1, tbis phenomenon 

is mentioned indirectly in the literature in reports about the anomalous increase of 

the lattice parameter of Co,O, with temperature. 
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Comparison of figs 4.1 and 4.2 allows two statements. 

C030 4 exhibits a high increase of at at T > 750 K, which to a smaller extent is a180 

present in cobalt spinels in which part of the octahedral CoIII+ -ions have heen 

replaced by other metals (up to x = 0.5, fig. 4.1, curve 4). The !act that 
C02+[Ti4+C02+]Oi-(see § 5.4), in contrast, is not exhibiting a high dilatation 

(fig. 4.2, curve 5), indicates thai: 

i. the anomalous expansion is connected with trivalent Co-ions on B-sites, 

possibly with the simultaneous presence of divalent Co-ions on B-sites. 

Schmalzried [SCR 61] has investigated a series of Co-Al oxides with x-ray diffraction 

and has concluded CoAl20 4 to be a normal spinel with Co-ions on A-sites. The 
experimental results of the thermal expansion of Co2+[Al~+]Oi-(fig. 4.2, curve 6: 

slight increase of at), prove thai: 
ii. the anomalous expansion is not connected to a process related to C02+ on 

tetrahedral sites only. 

A series of thermal expansion experiments has been carried out io investigate the 

reversibility of the process. The same C030 4 sample has been heated and cooled 
several times while the dilatation was recorded. The expansion and contract ion were 

exactly reproducible without a detectable hysteresis, indicating a complete and fast 
reversibility of the process respousible for the anomalous dilatation. The material is 

in equilibrium at any temperature within the range of temperature indicated in the 

figure (4.1). 

Since the dilatation measurement can he influenced by gas-soUd chemical reactions, 
this possibility was checked by carrying out a series of experiments in various oxygen 

partial pressures ranging from 1 - 105 Pa. No dependenee upon the surrounding gas 

atmosphere of the thermal expansion measurement was found within the stability 

range of the spinel structure. Therefore the conclusion is justified that the process is 

not connected with oxidation or reduction of the spinel structure. 

The creation of ot her lattice defects, which would give rise to an anomalous thermal 

expansion, could be caused by cations which migrate from regular crystallographic 
spinel sites to interstitial places in the lattice. Since the measured process in the 

whole temperature range is a fast and reversible process without hysteresis, this type 

of ionic disordering is excluded. 

The reversibility of the process excludes also the possibility that during the thermal 
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expansion measurements the polycrystalline microstructure is changing and is 

influencing the dimensions. 

The arguments above lead to the conclusion that a last electronic process must take 

place. 

Touzelin [TOU 78] has measured high-temperature x-ray diffraction patterns in 

order to determine the lattice parameter of Coa0 4 (among other materiais) at various 

temperatures and oxygen partial pressures. His results are in line with the thermal 

expansion results described above: a drastie inerease of the lattice parameter at 

T> 750 K for Coa0 4 and no dependenee upon P02' 

Belova et alii [BEL 78], who have investigated thin films of C030 4, report an 

anomalous increase of the lattiee parameters with the temperature of these films. 

In order to eompare literature data with those of the present study, our thermal 
expansion data have been transferred into lattice parameter values (a.), and have 

been plotted together with data of Touzelin and data of Belova in figure 4.3. 

Figure 4.3 
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Since the expansion is isotropic due to the cubic structure, the change in length 

measured on the polycrystalline specimens is directly proportional to &. 

The data shown in fig. 4.3 are mutually in excellent agreement with each other, an 

additional proof that the polycrystalline structure of our samples is not the cause of 

the anomalous thermal expansion. 

Before discussing possible electronic transitions which might he responsible for the 

anomalous expansion, we will first separate the anomalous effect fIom the normal 

contribution. 

4.2 Contribution of the normallattice expansion 

We state that the normallattice expansion and the extra expansion are due to two' 
different causes which do not influence each other. In order to he able to evaluate the 

anomalous expansion separately, the normal thermal lattice expansion has to be 

subtracted fIom the experiment al data. Since the measurements were carried out in 

the temperature range 300 - 1070 K, the normal lattice expansion had to be est i
mated in this range. This is done with the help of the Grüneisen parameter and the 

Debye theory for specific heat. 

According to equation (4.1), the normallattice expansion at a certain temperature T 

may be written as 

~1 = JT an 1 dT' , 

where an denotes the normallattice expansion coefficient. 

The Grüneisen parameter 'Y is defined by 

'Y = 
3 a n V 

K, Cv [GRI 86] 

where V is the molar volume, 

K, is the compressibility, defined as K, = -} [~~T ' 
P is the pressure, and 

Cv is the molar heat at constant volume. 

(4.2) 

(4.3) 
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Combination of equations (4.2) and (4.3) gives 

T 
i!.: i ~ J Cv (T') dT , 
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(4.4) 

where it is assumed that CV, at least below the Debye temperature en. has the 

strongest dependence on T compared to the other parameters. 

Debye's theory for the lattice heat capacity Cv gives 

Cv = 9RX-3 y e 2 dy , J
x 4 Y 

(eY - 1) 

where R is the gas constant, 

X = en/T = hvlkT, 
eD is the Debye temperature, 

v is the averaged optical mode vibration frequency, and 

k is the Boltzmann constant. 

(4.5) 

Equation (4.4) shows that, in this simplified model, the relative dilatation of the 

lattice is proportional to the integral of the lattice heat-capacity at constant volume. 

Lack of data for I'i. prohibits the direct calculation of fllll for the lattice. The general 

Debye function for Cv (4.5) was used to calculate Cv, with en(C030 4) = 525 K 

[ROT 64], from which the relative temperature dependence was used rather than the 

absolute values. Cv was then integrated and scaled to the measured flili at a tem
perature T = 350 K, where the electronic process was assumed to have a vanishing 
contribution. The length 1 was approximated by 1o, the length of the sample at 

300 K. In this way, a base line was calculated and drawn, which is assumed to 
express the contribution of the normal thermal lattice expansion to the total 
expansion of the specimen (figure 4.4). This base line is straight at temperatures far 
above en with a slope of 6.10-6 K-1. 

The difference between the curves in fig. 4.4 will be treated in the following as extra 

relative (anomalous) expansion (fl1exllo). 
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4.3 Interpretation of the anomalous ex:pansion of eo3o 4 in terms of electronic 

transitioDB 

In this paragraph we introduce a number of possible electronic transitions which may 

be responsible for the anomalous thermal expansion of COsO, as aresult ofincreasing 

average ionic radii. The dilatation increases gradually - no discontinuities are detec

ted - which indicates that the electronic transition is of second or higher order. 

Probably we are dealing with a transit ion bet ween two electronic states separated by 

an activation barrier, where the occupation of states is temperature dependent and 

where increasing population of the excited state leads to a relatively large expansion 

of the specimen at higher temperatures. 

More specific, we can distinguish at least three types of electronic processes 

concerning only cations in Co30 4: 
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a) transitions changing the spin state of the ion, 

b) transitions changing the valences of ions in A - and/ or B-sites, 

c) transitions changing both spin state and valence. 

The structure of Co30" at room temperature consists of an fcc lattice of oxygen ions 

(described in more detail in chapter 3), where Co2+ -ions (in the high-spin (HS) 

state) are situated in tetrahedral holes in the oxygen lattice, and CoIII+ -ions (in the 

low-spin (LS) state) are situated in octahedral holes in the oxygen lattice. Since 

transitions between ions on tetrahedral sites alone were already excluded as origin of 

the strongly temperature-dependent dilatation (see § 4.1), the following processesare 

possible: 

1. On B-sites, the LS Co~II+ -ion can transfer into the HS cO: + -ion; this process 

will be denoted model 1. 

2. Also on B-sites, a charge disproportionation bet ween two Co~II+ -ions can create 

a bivalent and a tetravalent Co-ion; this process will be referred to as model 2. 

Taking several possible combinations of spin states into consideration, 4 transi

tions, 280 ... 2d, can be distinguished. 

3. If both A-:- and B-site Co-îons are involved, a model can be proposed which 

consists of a tetrahedral-octahedral electron-exchange process, introducing a 

partial inversion of the spinel. With respect to the spin states of the final ions, 

this results in transitions 3a ... ad. These are processes described by model 3. 

A survey of the possible transitions is given in the following tabie: 

1: Co~II+ :::; Co:+ 

280: 2 Co~II+:::; Co~I+ + Co~V+ 

2b: 2 Co~II+:::; Co~+ + Coi+ 

2c: 2 Co~II+:::; Co~I+ + Coi+ 

2d: 2 Co~II+:::; Co~+ + Co~V+ (4.6) 
3a: Coî+ + CoiII+ <- ColII+ + Co~I+ -+ 

3b: Coî+ + Co~II+ <- Co;+ +C~+ -+ 

3e: Col+ + Co:äII+ +- ColII+ + Co~+ -+ 

3d: Col+ + C~II+ <- Co;+ + CoiI+ -+ 

For illustration, the model processes 1 to 3 are indicated in a schematic drawing of 

the spine1lattice, see figure 4.5. 
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We will decide upon the most probable event for each model af ter a more genera! 

discussion on the position of energy levels. 

Ligand field theory supplies information about the positions of electronic levels of 

ions on crysta!lattice-sites. However, the position of electronic levels relative to one 

another in the different sublattices of the spinel lattice is not uniquely determined. 

There are three possibilities, (a), (b), and (c) for the relative positions of the electron 

levels corresponding to A- and B-sites, while at least three electronic transitions, 

labelled 1, 2, and 3, ean occur in the spinellattice (see figure 4.6). The agglomeration 

of levels might form a continuous band or a distribution of discrete loca!ized states or 
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a combination of both. For the sake of simplicity, the electronic levels are drawn as 

bands in fig. 4.6 and other corresponding figures, where it has to be kept in mind that 

both electronic bands and localized states are possible in principle. 

The fact that CoaO 4 is a normal spinel at room temperature excludes a hypothetical 

fourth possibility of the energy scheme, where the tetrahedral Col+ -electron-levels 

lie above the octahedral Coi+ -electron-levels. 

Transition 1 is jntra.-atomic and transitions 2 and 3 are inter-a.tomic. Since the 

energy of transition 1 is expected to be in the order of a few tenths of an electron volt 

(see § 4.1.2), this transition could be dominant if the energies needed for the other 

transitions are higher. Transition 1 could then intermingle with the other possible 

transitions withln certain temperature ranges. 

A - sites· B-s ites A-sites 8 - sites A-sites B-sites 

( 2+ 
(0 2+ OB ( 2+ 

8 OB 

2 

( 2+ 
°A 

3+ 1 
-\ (°8 , 

C m+ oe 

El (b) (c) 

• N(EI NIE) 

Figure 4.6 Possible schematic arrangements of electronic levels in 
the tetrahedral (A-) and octahedral (B-) sublattice, and 
the transitions bet ween them; energy versus density of 
states 

Only in the case that the Col+ -levels have the same energy position as Co~II+ -levels 

(configuration(c)), excitation processes 2 and 3 are competitive with each other (at 
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the same temperature). We will eonsider configuration (e) as less probable, and will 
proeeed with the other two relative positions (a) and (b). 
To decide on the most probable HS- or LS-eonfigurations for the models (4.6) we 
will look at the eleetronic configurations of other Co-eontaining materials, from 

which data are found in the literature. 

Model 1: Process 1 describes an intra-atomie transition from the low-spin state to 

the high-spin state. There is just one specific reaction, see (4.6): 
Co!II+ -> Co:+. 

Model 2: Several final ionic spin configurations are eonceivable: These are Co!l+ or 
Co~+, and Co~V+ or Co:+. 

CoJ/+ I ~+: In order to find the ground state for the bivalent Co in an oetahedral 
oxygen surrounding, we ean look at the monoxide CoO, where the bivalent ions are 

in an octahedral surrounding and are in the HS-state [BOS 68]. Also in cobalt

titanate, the Co-ion on B-sites is bivalent and in the HS-state [ROM 53]. Further
more, measurements in aqueous media with oetahedral complexes around bivalent Co 

can be taken into consideration [DUN 65]. Generally, the spin states qf ions in the 
solid state and the aqueous sol ut ion are identical. Therefore the followi~g conclusion 
is drawn in this ease: the bivalent Co-ion in octahedral surroundings is most probab
ly in the HS state. This statement is also presented by [ROT 64]. Co~+ is selected. 

Co~V+ I Coj+: The tetravalent Co-ion is a d5 -ion, which has a half-filled 3d-shell 
(5 valence electrons). In this case, the liS state is fairly stabie. Jonker and van 
Santen [JON 53] carried out ferromagnetic measurements on (La,Sr)Co03 com
pounds. These authors find some evidence that tetravalent Co is in the HS-state. 
The Co-O distances in the perovskites are small compared to those in COsO 4' There
fore the crystal field in CoaO. is weaker than in (La,Sr)Co03 and probably not 
st rong enough to turn the tetravalent Co-ion into the LS-state. This leads to the 
selection of Co:: 
For model 2 equation 2b: 

2Co~II+ -> [2Co~+ (intermediate state partially) -> J Co~+ + Co:+ 
describes the most probable reaction. 
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Model 3: Besides the Coi+ -ion selected for model 2, trivalent Co-ions on A-sites 

have to be considered for model 3. 

Co!n+ I Coî+: The ionic state is reported to be HS Co!+ in tetrahedral complexes 

around Co in aqueous media [DUN 65]: Coï+ is selected. 

As aresult, for model 3 reaction 3b is selected as the most probable one: 

Co~+ + Co~II+ - [Co~+ + Co~+ -] Coî+ + Co~+. 

In view óf the considerations above the following three transitions remain to be 

discussed: 

model 1: Co~II+ - Coi+ 

model 2: 2Co~II+ - [2C~+ _] Co~+ + Co:+ (4.7) 

model 3: Coi+ + Co~II+ - [Co~+ + Coi+ -] Col+ + Co~+ 

In the following paragraph (§ 4.4), transitions (4.7) will be regarded as a possible 

cause for the anomalous expansion. The change of ionic radii due to these transitions 

will be considered, and the corresponding change (Ll1/2/3) of the lattice parameter 

will be estimated. In the subsequent paragrapb § 4.5 we will use the values estimated 

for Ll 1/ 2/ 3 in order to evaluate areaction progress parameter (z) for the transitions, 

using the extra expansion. On the basis of these z-values, activation energies for the 

transitions can he calculated. 

4.4 Change of ionic radii 

In order to evaluate the extra thermal expansion in terms of change in cat ion radii, 

values of the radii of the various ions involved have to be known. In table 4.1. a list 

of relevant radii is given. (Some of the values are already listed in table 3.2.) 

In a first approach a simplified model is used, in which the sum of the increments of 

ionic radii is supposed to be proportional to the extra variation in sample length: 

rigid-.§.phere model (rs). The lattice parameter is supposed to be linearly dependent 

on the concentrations ofthe ions present in tbe structure (Vegard's law) [VEG 21]. 
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Table 4.1. lonk radius r of cobalt and oxygen ions in the spinellattice, 
from [SHA 69], [SHA 70], [SHA 76J, and [ONE 83] 

r[nm] 

ion LS 

bivalent Co 

trivalent Co 

tetravalent Co 

02-

A = ion on tetrahedral site 
B = ion on octahedral site 
LS = low-spin state 
HS = high-spin state 

A B 

HS LS HS 

0.058 0.065 0.072 

0.045 0.053 0.061 

0.040 0.048 0.053 

0.138 

tetravalent Co (LS) = CoF+: value obtained through extrapolation and 
af ter [BEL 78J 

We will discuss the three models separately. 

Modell: CoiII+ -+ Co:+. The relative expansion Ll 1rs of the lattice due to the 

LS-HS reaction can be estimated. The expansion is due to an increase of ionk radii of 

the cations on B-sites solely. Thus, the A-sites are assumed not to contribute to the 
changing lattice dimensions, i.e. the oxygen parameter remains constant. 

r(Co~+) - r(Coi
II

+) 0.061 - 0.053 
Lltrs = 2- III+ = 0 138 + 0 053 ~ 0.042 = 4.2 % 

r( 0 ) + r(CÛJl)' . 

This means, that if all CoiII+ were converted into Co:+, the lattice would expand in 

the rigid-sphere model by 4.2 %. 

Model 2: 2CO~II+ -+ Co~+ + Co:+. Again, only B-site cations participate. 

{I(Co~+)-rC Co~ II+)} + {IC Co: +)-r( Co~II+)} 

2I(02-) + 2I(Co~II+) 

= (0.072-0.053) + (0.053-0.053) _ 0 050 or 5 0 C1f 
2(0.138 + 0.053) - . . 10. 
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Model 3: col+ + CoLll+ ~ Coî+ + C~+. Here, the tetrahedral cavities can 

partly compensate for the increase of the ions on octahedral sites; the oxygen 

parameter u becomes smaller, but is stilliarger than the 'idea.l' value u = 0.375. 

{r(Co~+)-r(Co~I I +)} + {r(Cot+)-r(Col+)} 
D. 3rs = 

2r(02-) + 21'(Co~ II+) 

= (0.072-0.053) + (0.045-0.058) _ 0 016 0 160>' 
2(0.138 + 0.053) -. r. 10, 

taking into account a contract ion of the tetrahedral sublattice. 

In a second approach we can think of at least two mechanisms of relaxation of the 

Iattice, partIy compensating for local expansions. Firstly there might be a deforma

tion of the neighbouring anions, due io polarization effects, and secondly there might 

he a partial compensation via the tetrahedral sublattice, i.e. a decrease of the oxygen 

parameter. 

In order to gain insight into the consequences of some relaxation in the lattice, three 

more values for D.1I213 have been taken, where a value of 50 % compensation is 

assumed (§pring like behaviour, sb): D.sb = D.rs/2. 

The values of 11 will he used to calculate the reaction progress (z) which in turn will 

be uaed for the thermal expansion analysis. 

4.5 R.eaction progress parameter B and activation energies of the transitions 

The reaction progress parameter z is defined as the relative concentration of ions 

which are transferred to the 'excited state'. First, the progress in reaction z for the 

equilibrium reactions (4.7) is calculated for models 1,2, and 3, and the two cases (rs) 

and (sb), on the basis of the extra relative expansion 111ex/10 (see § 4.2). The 

calculations are carried out supposing that only one specific reaction takes place, i.e. 

the simultaneous occurrence of the model reactions 1, 2, and 3 is not oonsidered. 

In order to calculate z we assume that the relative number of electronic transitions 

expressed in z is proportional to the extra relative expansion for small z. This 

assumption is based upon Vegard's law, in which the Iattice parameter of a mixed 

crystal is a linear function of the composition. 
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Figure 4.7 Calculated progress in reaction z for the three modeis, 
derived !rom the (measured) extra dilatation; 
rS: rigid-sphere model 
sb: intermediate elongation due to spring-like behaviour 

Zi = (!:::..lex/1)/!:::..i , 

where 1 is approximated by 10 = length of the sample at 300 K, and 

I:!. i is the estimated relative expansion for the specific reaction. 
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(4.8) 

Data points were taken from the 1:!.1- T plot of the dilatation, arranged in data files in 

a PC, and splined with 400 data points in the recorded temperature. range. Calcula

tions therefore resulted in ample data points to draw a continuous curve. 

The calculated zh z2. and z3 are plotted for the (rs) and (sb) cases as a function of T 

in figure 4.7. 

The reactions (4.7) in equilibrium can be described by three equations with z as 

parameter: 
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Zl -Et/kT -Et/kT 
model 1: =e Zl <: 1: Zl = e (4.9) 

Zl 

z~ -E2/kT 2 -E2/kT z2 
model 2: =e Z2 <: 1: T = e (4.10) 

(2 - 2 

2 -Es/kT 2 -Es/kT Za Za 
(4.11) model 3: (I-za) (2-za) =e za ( 1: 2= e 

The activation energies EI /2/s plotted in figure 4.8 as a function of T were derived 

with equations (4.9), (4.10), and (4.11) and the two cases (rs) and (sb), substituting 

the values of z determined from dilatation measurements (plotted in fig. 4.7). 
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Activation energy E112/3 as a function of T, derived with 
Z from the (measured extra dilatationj 
rs: rigid-sphere mode 
sb: intermediate elongation due to spring-like behaviour 
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The obtained data Be in a range to be expected for electronic transitions at these 

temperatures. 

It should be noted that the processes discussed before can occur simultaneously. The 

total dilatation is then a combination of the separate contributions. Analysis of the 

measurement results with combined models is complicated, and impossible without 

further information. The above calculated values of E are therefore only relevant if 

one of the processes is dominant. 

For the LS-HS transition of the trivalent octahedral Co-ion in La2Li0.5C00.504 a 

transition energy of 0.1 - 0.2 eV has been found, [BLA 65], which is in line with our 

results for CO l 0 4. Furthermore, the activation energies for model 1 are not strongly 

dependent on temperature. This would agree with the fact that the transition takes 

place inside one ion (intra-atomie transition). 

However, in order to make a more definite selection for the process causing the 

anomalOUS expansion, additional information is necessary. This is derived from the 

measurement of electrical properties, as will be presented in chapter 5. In chapter 6 

we will come to the conclusion . that strong evidence is found for process 1 being 

responsible for the largest part of the extra expansion. 

In view of this, possible effects of the transitions on electrical properties are discussed 

in the following paragraph. 

4.6 Consequences of the proposed transitions on the relative position of electronÎC 

levels 

Effects of model 1: The valence ofthe pàrticipating ions is not changed by the LS 

HS transition. When we state that an ion of deviating valence (Z + 1, Z - 1) on a 

lattice of ions with valence (Z) is a potential charge carrier, no charge carriers are 

created in this case. This means that process 1 is not directly influencing the number 

of charge carriers. However, process 1 can indirectly affect the number of charge 

carriers. In chapter 6 it wHl be shown that the transit ion is mainly responsible for the 

anomalous expansion of C030 4. This expansion will change the positions of the 

energy levels and the distance bet ween them, in other words, will change the value of 

the bandgap Eg. (We use the expressions 'band' and 'bandgap' in analogy to the use 

of these concepts in the field of semiconductors, although we do not know whether 

the electronic levels form bands.) For most semiconductors, the value of Eg becomes 

smaller, as the lattice constant a. increases, 80 that there is a decrease of Eg with 
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temperature. According to [HAN 60], for common semiconductors the value of 

[dEg/dThattice expo varies bet ween -1.10-4 and _3.10-4 eV /K. The lattice expansion 

is in general responsible for about one third of the total reduction of Eg with T. * 
To obtain arelation between the temperature dependence of Eg and the coefficient of 

linear expansion a, we preceed as follows: 

[ : ~ g ] la t t ic~ =: ~ g • :; 
expanSlon 

dEg 1 da 
=(f3-a-a-dT 

(4.12) 

with a (T) having a much stronger temperature dependence than dEg/da and a (T). 
Thus, (dEg/ da). a can be taken constant, and the total temperature dependence of 

the bandgap is found in the temperature dependence of a. Therefore, 

[
dE g ] 
(fT lattic~ 

expanSlon 
( 4.13) 

Not considered here is the bandgap variation as function of T as a consequence of 

electron-phonon interactions (see footnote). There is no information how this process 

is changing with the temperature in a material with a st rong thermal expansion. Due 

to the lack of data, this contribution to (dEg/dT)total is as a first approximation 

incorporated in the proportionality constant. We obtain: 

[
dE g] 
(fT total 

=K· a . ( 4.14) 

* As mentioned, the change in lattice spacings accounts for only a part of the change 

in Eg with T. An additional cause of the change of position of electronic levels with 

temperature is collision of electrons with phonons, which broaden the transport 

levels. In general a reduction of Eg results. This contribution is estimated to be about 

2/3 of the total decrease of Eg with temperature in materials with a normal a 

[HAN 60]. 
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Effects of models 2 and 3: Each of the transitions 2 or 3 creates two charge carriers, 

an electron and a hole (intrinsic charge-carrier creation). The concentration of charge 

carriers and the associa.ted mobilities determine the contributions to the charge trans

port. The distanees between the energy levels determine the number of charge 

carriers as a function of temperature. If at the same time the bandgap Eg is changed 

by the processes described in model 1, there is an additional increase in charge 

carriers; Process 1 therefore indirectly has an influence on the generation of charge 

carriers. 

Relation (4.14) will be valuable for the estimation of Eg-values, needed for the quan

titative interpretation of Seebeck-coefficient data (§ 5.1). It will be seen in chapter 5 

that Eg varies quite strongly with temperature, which can be brought in connection 

with the st rong temperature dependence of the expansion coefficient according to 

formula (4.14). 

A conclusion from the investigations presented in this chapter is that the anomalous 

thermal expa.nsion of COS04 can be described in terms of distinct electronic transiti
ons, which cause changes in ionic radii and thereby cause an increase of the lattice 
parameter. 
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Seebeck-coefficient data are interpreted with a semi-quantitative model involving 

two types of charge carriers: electrons and holes. This model explains the data satis

factorily. It is assumed that the mobiIities of electrons and holes vary differently with 

temperature (T) : at T < 300 K, the mobility of electrons is larger than the mobility 

of holes. This effect is reversed at T> 300 K. The anomalous increase in the thermal 

expansion at higher temperatures is related to a decrease of the bandgap Eg. 

5.1 Seebeck coefficient ofundoped C030 4 

The measured Seebeck-coefficient (S) data of undoped C030. are presented in figure 

5.1, where results obtained with the low-temperature and the high-temperature 

experiment al arrangement described befare (§ 2.5) are combined. In total, 5 samples 

of undoped C030 4 were measured, of which one example is shown together with 

literature values. The maximum in S around 700 K observed in our measurements 

exhibits variations between 630 and 700 p,V IK, which might originate from small 

deviations from stoichiometry or variations in impurity content. 

The measurements cover the range of 200 - 1100 K. An increase of S with T is 

observed up to about 700 K. For higher T ,S decreases again. 

In the literature, data in smaller temperature ranges are reported, which are also 
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included in the figure. Mason's data [MAS 88] are obtained under high oxygen 

pressures and supplement our values at higher temperatures. The values of Koumoto 

and Yanagida [KOU 81] and Tareen et alii [TAR 84] are lower at the maximum, but 

roughly the same trend in the T-dependence is found. Impurities can be the cause of 

the difference in the maxima in the S = f (T) curves. But it is also important to 

realize that the different data have been obtained with experiment al techniques of 

different precision. Koumoto and Yanagida apply a temperature difference with the 

aid of the furnace temperature-gradient, which cannot be reversed. The accuracy of 

this method is rather low because spurious voltages may falsify the measurement. 

Since the single crystals used by Tareen et alii do not exceed a size of about 3 mm, 

the temperature difference across the samples is rather small; furthermore the 

temperature gradient is only applied in one direction [DOR 80]. Mason performs the 

Seebeck-coefficient measurements with a constant average temperature without 

reversing the temperature gradient, which results in a reasonably good measuring 

accuracy [TRE 83]. 
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Figure 5.1 Seebeck-coefficient data of C030 4 as a function of tempe
rature; own data together with data from [KOU 81], 
[TAR 84], and [MAS 88] . 
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The fact that S changes sign is of particular significance. It indicates that the 

dominant transport process is changing with temperature. 

Attempts have been made to explain a curvature of S = f (T) as shown in fig. 5.1 

(first an increase and then a decrease of S with T) with three kinds of charge carriers 

in the literature [TAR 84], [BOE 86]. This corresponds with configuration (c) in 

fig. 4.6, where the tetrahedral electronic levels are at the same height as the 

octahedral electronic levels, and where the mobilities of positive charge carriers in 

both sublattices are about equal. However, it is also possible to explain the maximum 

of the Seebeck-coefficient-versus-T-curve by the assumption of only two charge 

carriers. See, for exampie [BOS 66], where Li-doped NiO is treated. 

We will explain the S = f (T) curve with two types of charge carriers (electrons and 

holes), because we expect a different mobility of charge carriers in the different sub

lattices at T> 300 K, and therefore consider configurations (a) or (b) of fig. 4.6 to be 

more realistic. It can be expected in these cases (a) and (b) that one electronic 

transition is dominant due to a significant difference in transition energies. 

A simple energy-Ievel scheme for the two-carrier model will be used. The valence 

levels (filled in the ground state) and the conduct ion levels (empty in the ground 

state) are separated by a gap Eg, and the effective densities of states are assumed to 
be constant over the whole temperature range in this approximation. 

The charge-carrier transport can take place bet ween cations on A-sites, between 

cations on B-sites, and in a hybrid oxygen band (the latter is not included in 

fig. 4.6). At this point, the discussion will be about electronic levels and transitions 

between them. The physical transport levels will be designated later with respect to 

the crystal structure. 

For the interpretation of the Seebeck coefficient we will make three major 

assumptions: 

1. C030 4 is a pure material over the whole temperature range and intrinsic 

behaviour is dominant. 

2. The ratio of the mobilities of holes and electrons (b = Il-pl Il-n) changes from values 

smaller than unity below a certain temperature to values larger than unity above 

this temperature. 

3. The anomalous increase in lattice parameter at higher T reduces the bandgap Eg 

in this temperature region more than in materials with anormal expansion. 



66 Chapter 5 

ad 1.: With this assumption it is possible to explain the T-dependence of the data 

from first a negative Seebeck coefficient to a positive S at higher temperatures, if the 

requirements of assumption 2 are also met. 

There are two other possibilities to explain the negative part of the S-curve : 

i) the presence of impurities of higher than trivalent valence, whiCh cannot be 

excluded, neither in the polycrystalline samples nor in the single crystalline samples. 

In particular, in the technique of chemical vapour transport (CVT) for fabricating 

single crystals (used by Tareen et alii), silicon (Si-) impurities from the silica tubes 

used in the crystal-growth process could be incorporated according to 

Co2+[Co~~~t Si!+ Co;+]O~-, and therefore introduce electrons in the B-sublattice; 

ii) oxygen deficiency 8, COS04-6, which has been discussed in § 3.6. 

In cases i) and ii), the specific conditions for the T-dependence of Jl.p/J.l.n need not be 

as des cri bed in 2., especially for the rising part of the curve. The material is then 

donor-impurity ruled at lower temperatures and intrinsic at higher temperatures, 

with b > 1 for the whole T-range. 

ad 2.: The T-dependence observed for S at T < 900 K is interpreted as being due to 

a changing ratio b as a function of temperature. More specifically, the mobility of 

electrons Jl-n is larger at T < 300 K and smaller at T > 300 K, respectively, than the 

mobility of holes Jl.p. Especially when the mobilities are thermally activated, their 

values are very likely to diverge as a function of temperature. The mobilities are 

influenced by factors such as the distances bet ween the sites, the overlap of the 

electronic levels of the neighbouring ions, the spin states, and the increase or decrease 

of ionic radii originating from the changes in valence, which may be different for 

electrons and holes. 

ad 3.: As we shall see, the Seebeck coefficient related to the intrinsic holes shows a 

hyperbolic behaviour (Sp ot T-1
) only for a temperature independent bandgap Eg (see 

formula (5.4)). The measured S-values show a much stronger decrease at higher 

temperatures (see figs 5.1 and 5.2). This can be explained by a decrease of the band

gap with temperature, which can be brought in connection with the anomalous 

thermal expansion observed in the same high-temperature region (see § 4.6). 

We have seen in fig. 3.6 that the same strongly decreasing S at T > 900 K is 

occurring for samples with different oxygen content. A noticeable influence of a 

possible change in the oxygen stoichiometry, which could influence the number of 
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charge carriers at T > 900 K, seems therefore excluded. Another cause for the strong 

decrease of S at T> 900 K could be a reduction of the ratio of mobilities (b), which 

would enlarge the influence of electrans again. Although the relevant mobility data 

are lacking, tros explanation does not seem plausible. We will therefore exclude tros 

case too, concluding that the extra decrease of S is related to an additional variation 

of the bandgap due to the anomalous expansion. 

5.2 Closer consideration of the intrinsic model 

The general formula for the Seebeck coefficient in the case of mixed charge transport 

is: 

O'p·Sp - O'n'l Sn I 
S = O'p O'n 

(5.1) 

with O'p = p. q. /Lp, and 

O'n = n·q·f.Ln· 

For the symbols used, see the list on pages 1 to 4. 

The concentrations p and n are equal in an intrinsic material, and are given by 

p = n = JN p • N n • exp ( - Eg/2kT) . (5.2) 

For Sp and Sn we write, respectively 

k k Sp = ti {In (Np/p) + Ap} and Sn = - ti {In (Nn/n) + An}, (5.3) 

where A in genera! is the constant in the heat of transfer (Q), Q = A k T. 

Valnes for A and N 

The constant A, the heat of transfer constant, depends on the condnction or scat

tering mechanism. The quantity N, wroch stands for the density of states in a 

transport level in general, depends on the detailed charge transfer process, in first 

instance whether band or hopping conduction is taking place. 
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Table 5.1. lists the values of A and N for the different cases. 

Table 5.1. Possible values for parameters A and N 

band conduction hopping conduction 

4 due to impurity scattering [APP 68] 
A 2 due to lattice scattering [APP 68] tv 0 [BOS 70J 

2 experimentally found for CoO 
[BOS 66] 

N A-sites 3.0_1022 # 
[cm-3] ... 1019 (at 300 K) B-sites 6.0_1022 # 

# these values are a factor 2 higher than the mere number ofions per cm3
, which 

results from spin degeneracy 

In our caIculations we take A = O. Koumoto and Yanagida [KOU 81] and Tareen et 

alii [TAR 84J claim to find small-polaron hopping-conduction in C030( based upon 

different activation energies for the conductivity and the Seebeck effect, assuming 

dominant p-type transport. We also find indications for hopping conduction as 

described in § 5.5 and § 5.6. For the density of states for electrons, Nn = 6_1022 cm-3 

is used in the calculations because the negative charge carriers move in the B-sub

lattice. For Np also a value of 6.1022 cm -3 is chosen as example (Np = Nn = N, 

which corresponds to model 2) if not indicated otherwise. 

Formulas (5.3) then reduce to 

Eg 
or 

if Sp is in IN IK, Eg in V, and T in K. (5.4) 

For the intrinsic case, we have p = D, and for Np = Nn = N we have Sp = I Snl, and 

consequently (5.1) shortens to 

(5.5) 
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If b ( 1, then S = - Sp = - I Sn I, 
if b = 1, S = 0, and 

if b) 1, then S = Sp' 

It ean be seen in fig. 5.1 that eompensation (i.e. b = 1, S = 0) oceurs in the 

experiment at T = 300 K. 

In the intrinsic picture, the rising part of the curve has to he explained by a 

continuous increa.se of b. The decrease of S above the maximum of the curve is 

caused by the still increasing number of pand D, where the positive Seebeck 

eoefficient is due to the the effect of p carriers only (b ) 1) in combination with a 

decreasing Eg. 

Indication for the magnitude of Eg at T 1:1 900 K 

No direct determination of Eg via optica.l measurements is reported for bulk-Coa0 4 

in the literature, which might be connected with the experimenta.l difficulties in 

polishing a sufficiently large surface of the materia.l. Murad et a.lii [MUR 88] report 

optica.l transmission and absorption ana.lysis of Co30 ç films. Their data give no more 

than an indication of the width of the energy gap at room temperature, and will be 

discussed in § 5.3. 

Aecording to our model we derive values for Eg from S-measurements according to 

the following procedure. Above the temperature at which S shows a maximum 

(T ~ 750 K), the holes are dominant (b) 1), and S is equa.l to Sp' We use formula 

(5.4) to calculate Sp (T), with varying values of Eg. Then we choose that Eg-va.lue 

which corresponds to the p-type branch of the intrinsic curve which touches the 

experimenta.l S = f (T)-curve at about the maximum (see figure 5.2). 

If Eg is constant, Sp follows a hyperbolic T-dependence, curve (a), fig. 5.2. This 

curve is calculated with equation (5.4) where Eg = 1.05 eV. If Sp is ealculated with 

an Eg slightly decreasing with T, with a temperature coefficient taken from the 

literature for semiconductors (i.e. dEg/dT = - 9.10-4 eV IK, see § 4.6 [BAN 60]) and 

furthermore touches the curve at the same point, the hyperbolic curve runs a little 

steeper, but shows the same trend. 
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Curves like the theoretical curve (a) in fig. 5.2 are indeed found with S-data of other 

spinels, which do not show an anomalously increasing dilatation at higher tempera
tures. Curves a = f (T) of Co2Ti04 and CoAl20 4 have been presented in fig. 4.2. 
These two materials show dominant p-type transport. Figure 5.3 represents S

measurements of the two materials, for the latter material taken from the literature 

[MAT 72]. Indeed, a nearly hyperbolic curve is found for S as a function of T for 

CoaTi04 and CoA120 4• 
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Resuming the situation for COS04 (see fig. 5.2): 
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a) At T < 300 K the Seebeck coefficient is negative which points to dominance of 
electrons. 

b) At 300 K < T < 900 K electrons compete with holes, but loose the competition 

at higher T (b > 1). 
c) An anomalous decrease of the Seebeck coefficient with increasing temperature 

compared with the calculated behaviour is observed for T > 900 K. We have 

dominant p-type transport, but, with Eg in equation (5.4) diminishing markedly 

with temperature. This can be brought in connection with the anomalons 

expansion by aid of formula (4.14). 
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5.3 Qnantitative evaluation of parameters 

In order to estimate the change of the bandgap quantitatively, we use formula (4.14) 

supposing that the proportionality constant K is also valid for the region of 

anoma10us expansion. We estimate K in the high temperature regionand then use 

this constant also at 10wer temperatures in order to calculate the valuesof Eg = f (T) 

over the whole range of temperatutes. Integrating formula (4.14) and using formula 

. (4.1) we find approximately Eg = K (flIII) + C, where C' is an integration constant. 

We may now relate the change in Eg, obtained with (5.4) from S-data in the range 

900 K < T < 1100 K to the relative !inear dilatation flI11 to obtain a value for the 

constant K by matching the curves for Eg = f (T) and flII I = f (T). This is shown in 

:&gure 5.4. The best value for K obtainedin this way is K = - 130 eV, which is an 

average for the T-range 900 - 1100 K. 
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Eg (inversed) and total relative expansion as a iunction of 
temperature for the determination of the constant of 
proportionality K 

For the case of normal expansion at T < 600 K, we found ct = 6.10-6 K-1 (see 
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fig. 4.4). With the value of K = - 130 eV and equation (4.14) ibis leads to 

dEg/dTtotal (normal) = - 8.10-4 eV IK, which is a realist ic value observed for ionk 

semiconductors [HAN 60]. 

It is now possible to complete the list of Eg-values for the whole temperature range 
with the aid of the dilatation measurements, see table 5.2., column 3, starting from 

Eg(900 K) = 1.05 eV. Using these Eg-data, Sp-values are caleulaied with formula 

(5.4) and listed in table 5.2., column 4. The ratio of the mobilities b, obtained with 

formula (5.5) using the experiment al S-values and the calculated Sp-values, is listed 

in column 5. piN or n/N obtained with formulas (5.3) (with A = 0) ean be found in 

column 6. 

Table 5.2. List of parameters for intrinsic charge-carrier ereation in C030, 

1 2 3 4 5 6 

T[K] S~V/K] Eg [eV] Sp~V/Kl b plN=n/N 

expo expo calc. calc. calc. calc. 

300 0 1.59 2650 1.0 4.10-14 

400 225 1.51 1888 1.3 3.10-10 

500 350 1.43 1430 1.6 6.10-8 

600 580 1.35 1125 3.1 2.10-6 

700 645 1.26 900 6.0 3.10-5 

800 620 1.17 731 12 2.10-4 

850 610 1.12 659 26 5.10-4 

900 580 1.05 583 ) 1 1.10-3 

950 520 0.99 521 ) 1 2.10-3 

1000 430 0.86 430 ) 1 7.10-3 

I 

1050 325 0.67 

I 

319 ) 1 2.10-2 

1100 225 0.50 227 ) 1 7.10-2 

It ean be seen in table 5.2. that Eg and Sp are steadily decreasing with increasing T, 
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while the factor b is increasing, so that b) 1 at T ~ 900 K. When b ) 1, positive 

charge carriers are dominant. The intrinsic number of charge carriers is increasing 
with temperature. 

As mentioned earlier, there are experimental indications of the value of the bandgap 

of CoaO,-films at room temperature. In [MUR 88] three values obtained fiom a 

transmission-absorption technique are reported, which are related to the energy gap : 

3.20 eV, 2.00 eV, and 1.45 eV, each ± 0.05 eV. A possible cause for these three 

energy intercepts may be a three-level degenerate valence-band of CoaOçfilms. 

Since the lowest value is comparabIe to our room-temperature value, we may 

conclude that our values, certainly at lower temperatures, are appropriate. 

Summarizing, the curve of S = f (T) measured on C030, is formally explained with a 

two-carrier model, where an intrinsic semiconductor is assumed' with an increasing 

ratio of hole versus electron mobility and an extra decrease of the bandgap 
originating fiom an unusual increase in thermal expansion. 

In the following sections, the above model is again used and checked in the 

evaluation of the results of the Seebeck-coefficient measurements of doped 

CoaO ,-samples. 

5.4 Seebeck coef6.cient of titanium-doped Co,O" 

Romeijn found evidence by x-ray diffraction analysis that titanium (Ti) occupies 
B-sites in C02TiO,: C02+[Co2+Ti4+]0~- [ROM 53]. Ris findings were confirmed by 

magnetic measurements of ot her authors [SAK 62], [STR 76], [SR! 87]. It is therefore 

expected that the Ti-dope ions in C030 4 are incorporated on B-sites. 

Also of these samples, the exact oxygen stoichiometry is not known. Oxidation 

reduces the effect of Ti-dope on the number of charge carriers in the spinel latticej 
the same is the case with the unwanted Na + -impurities coming fiom the titanium
oxalate solution (which were observed with SIMS). This has to be kept in mind, 

especially when discussing the results of small dopes. Na-impurities have not been 

detected in undoped C030 4• 

The extra positive charge of the Ti.:..ions is compensated (independent of the model) 

with Coi+ because Co t is an unstable ion with one electron in the 4s shell. 
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2 CoäII+ -Ïons are substituted by Ti:+ + coi+. 

Therefore the partial replacement of Co-ions in the Co30 4-lattice with Ti-dope will 

result in negative charge carriers, Ti:+ is functioning as a donor. 

S-data of Ti-doped Co30, are presented in fignre 5.5, together with those of undoped 

Co30,.It can be seen that the Ti-curves show the same trend with temperature as 

the undoped material: a positive increase of S with Tand then a decrease. 

In comparison with undoped CoaO,. S becomes smaller and remains positive for the 
whole T-range for x S 0.01. This is unexpected for an n-type doped material. We 

therefore conclude that the unwanted Na-impurities are over-compensating the 

Ti-dope for x S 0.01, introducing acceptor levels in the energy-band model of fig. 4.6 

situated above the CoäII+ -levels. This results in a larger number of positive charge 

carriers compared with the undoped materiaL 
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Figure 5.5 Seebeck coefficient of undoped and Ti-doped C030 4 as a 
function of temperature 

A dope amount of x = 0.1 leads to a negative S at T < 600 K. Here, the larger 

concentration of electrons changes the Seebeck coefficient. This effect of the n-type 
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carriers vauishes towards higher temperatures. At high temperatures (T > 900 K), 

the holes become again dominant just as in the purely intrinsic case, leading to a 

decrease of S with T. 

We will now discuss the experiment al results of the Seeheck coefficient for x = 0.1 in 

more detail. We again use the model developed in § 5.1 - § 5.3. But in the doped 

materials pand u have different values, u is larger due to the Ti-donors. The ratio b 

of the p- and u-mobilities is taken from the undoped material as a first approach. 

A parameter c is defined as follows: 

up Jl.p p 
c = - = - = b (plu) un f.'n u 

(5.6) 

Formula (5.1) can he written as 

(5.7) 

A decrease of Eg of the Ti-doped material relative to Eg( C030 4) is expected due to 

the increa.se of lattice parameter (a) for the Ti-doped samples comp~ed with the 

undoped C030 4 (see table 3.1.). We estimate the change in Eg (DoEg) wlith the aid of 

the measured change in lattice parameter from undoped to O.I-Ti-doped C030 4• It is 

not known what the specific contributions of changing lattice spacings aud 

e1ectron-phonon interactions are on the change of the bandgap (§ 4.6). We therefore 

take! of the 'normal' 

(dEg/dThotal = - 8-10-4 eV IK (found for C030 4 in § 5.3) for the contribution of the 

lattiee expausion. Formula (4.12) eau be written as: 

DoEg/Doa-::. (dEg/dT)latticeexp.l(Qa). Using Q=6·1O-6 K- 1 aud 80=0.81 nm, we 

obtain DoEgl Do& = 54 eV Inm. This implies a decrease of baudgap of DoEg = 0.32 eV 

from undoped to O.I-Ti-doped C030 4 at room temperature. Eg values for higher T 

are calculated with the aid of the measured total Dolil-data of Tio.1CoU 0 4. In this 

manner, the specific dilatation of the doped material is used, which is slightly 

different from the undoped material. 

Starting with this list of Eg-values, the parameters Sp, Sn> p, u, aud c cau be 

obtained by iteration, outlined further on, using formulas (5.8), (5.9), (5.10), (5.11), 

(5.12), and (5.6). A consistent set of values for the various quantities cau be obtained 
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by using LlEg = - 0.26 eV instead of the value assessed above: LlEg = - 0.32 eV. The 

parameters c, n, and p are of special interest, because c should increase steadily with 

temperature, and n should always be larger than p. 

Following the S-curve (x = 0.1) with increasing temperature, we have c· Sp < I Sn I, 

because S < 0 at T < 600 K (see fig. 5.5). At T = 600 K, the Seebeck coefficient is 

zero, and therefore we have c· Sp = I Sn I. At T > 600 K, the positive Seebeck 

coefficient implies c· Sp > I Sn I. At still higher temperatures, T > 900 K, holes 

become dominant and we have c· Sp) I Sn I. 

Sp and Sn can be found through an iteration calculation, assuming the same values of 

the ratio b as for the intrinsic material. 

The following formulas are valid generally , therefore also for doped material. A = 0 

and Nn = Np is again used. 

k Np 
In -

q p 

k Nn 
Sn = -- In -q n 

p·n 

Equations (5.10) and (5.11) together give 

Sp + I Snl = [q ~ t] or 

[
EgT. 10

6
] 

Sp + ISnl = [",V/KJ. 

(5.8) 

(5.9) 

(5.10) 

(5.11) 

(5.12) 

We may define a mathematical help-parameter Si> which is the Seebeck coefficient 

for the hypothetical number of intrinsic charge carriers at the temperature T in this 

material. We write 

(5.13) 
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From formulas (5.6) and (5.1) we obtain 

n Sp - S 

P = ISnl + S • b . 
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(5.14) 

For the calculations of n and p we have to distinguish between model 2 and 3, i.e. 

whether the density of states is the same for electrons and holes. From expressions 

(5.8) and (5.9) we get 

; =exp{(qlk).(Sp-ISnIH, 

; = 2 exp {(qlk).(Sp- \SnIH, 

model 2, Nn = Np , 

model 3, Nn = 2 Np , 

(5.15) 

(5.16) 

We take model 2 as example for the parameter present at ion, and therefore have 

Nn = Np = N = 6.1022 cm -3. The parameters Sn and Sp are determined in sueh a 

way that expressions (5.12) and (5.13) are satisfied with the earlier caleulated values 

of Eg, and the values of nip in formulas (5.14) and (5.15) are equal for T < 900 K. 

For T ~ 900 K, we have to take Sp :: S, because c) 1, and can directly calculate Sn 
via formula (5.12). The parameters are listed in 1iable 5.3 .. 

Values obtained for n allow to make an estima.te of the value Ep, the,Fermi energy 

level, and En, the energy difference between the conduction levels (the lowest level 

being taken as the zero level for the energy) and the donor levels, aceording to the 

following formulas: 

n = Nn·exp{-(Ec-EF)/(kT)} ,Ec::O 

Ep= kT In {kl , 
Nt n - p { }-1 
Nj)= N'j) = 1 + g exp {(Ep - ED)/(kT)} , 

where ND is the density of donor states per ern3 

= O.05.6.1022(cm-3) 

= 3. 1021 (cm-3), 

Nt is the density of ionized donor states per cm3, and 

g is a factor taking account of spin degenera.cy; in our case g = 2. 

(5.11) 

(5.18) 

(5.19) 
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(5.20) 

The difference between (5.18) and (5.20) gives ED' The obtained position of the 

energy levels as a function of temperature is presented in figure 5.6. In this figure, the 

decrease of the bandgap (i.e. the difference between Eo and Ev), in our model due to 

the expansion is also shown. 

The donor level En lies deeply below the Fermi energy Ep. This {act is in accordance 

with the non-existence of a mixed series TixCoa_x0 4 for x> 0.1. This points to a. 
crystallographic misfit, which results in a relatively large iomzation energy for the 
Co2+ - TiH coupie. 

Figure 5.6 
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We may conclude that it seems possible to fit the results of the Ti-doped COllO, 

measurements into the two-charge-carrier picture given for the undoped C030 4• 



Table 5.3. Parameter values measured and calculated for Tio.tC02.9Û4 

1 2 3 4 5 6 7 

T[K] s[ït] Eg [eV] Si[ït] ISnl [ït] Sp[ït] n[cm-3] 

meas. meas. calc. calc. calc. calc. calc. 

600 0 1.11 925 871 979 2.1018 

700 270 1.03 736 685 786 2.1019 

800 450 0.93 582 554 609 1.1020 

850 470 0.86 506 491 521 2.1020 

900 435 0.78 433 431 435 4.1020 

950 370 0.68 358 346 370 1.1021 

1000 310 0.58 290 270 310 3.1021 

1050 230 0.40 191 151 230 1.1022 

n and p values (columns 7 and 8) calculated with Nn = Np = N = 6.1022 cm-3 

* b values (column 9) are taken from undoped C03ûcdata, table 5.2. 

8 9 

p[cm-3] b 

calc. * 
7.1017 3.1 
7.1018 6 
5.1019 12 
1.1020 26 
4.1020 )1 
8.1020 )1 
2.1021 )1 
4.1021 )1 

10 

c 

calc. 

0.9 
1.8 
6 

18 
)1 
)1 
)1 
)1 

00 
Cl 
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5.5 Seebeck coefficieni of lithium-doped CoIO, 

Research on the site preference of lithium (Li) has been done by Ichimura and 

Komatsu [ICH 72] and Appandairajan et alti [APP 81]. Via analysis of x-ray diffrac

tion patterns, the former authors concluded that Li is substituted on A-sites up to an 

amount of x = O.lj on the contrary, the latter authors conc1uded Li to be situated in 

B-sites. Since the interpretation in [APP 81] is unc1ear, we adopt the former results. 

According to Shimada et alii [SBI 85] Li can be incorporated in the spinel lattice up 

to an amount of x = 0.4, when high oxygen pressure is applied. The combined 

analysis of crystallographic and magnetic properties also lead them to the conclusion 

that Li+ -ions occupy A-sites. As mentioned in § 3.1.2 they proposed the charge 

compensation to take place in the B-sublattice via Co:+ -ions, which corresponds 

with the earlier introduced model 2. 

Theoretically the compensation of Li on an A-site can take place on A- as weIl as 

B-sites. 
Co~+ + Co~II+ 
2 Col+ 

are substituted by Lit + CO:+j 

are substituted by Lit + COX+j 

In each case, Li introduces positive charge carriers. 

model 2. 

model 3. 

The Seebeck-coefficient data of undoped and Li-doped Coa0 4 as a function of 

temperature are shown in figure 5.7. 

Seebeck coefficients of Li-doped samples at room temperature have a larger positive 

value than S of the undoped material. Furthermore they are relatively constant up 

to T ~ 900 K, and smaller at higher dopes. 

The S-data could be. affected by the migration of Li-ions to or !rom gtain boundaries, 

which is influencing the number of charge carriers in the bulk material in this type of 

measurement. There ma.y be a. temperature-dependent distribution of Li between the 

bulk and grain boundaries. Preliminary measurements of the Seebeck effect with 

heating and cooIing runs point to this facto SIMS measurements had indicated that 
there is an increased concentration of Li in the grain boundaries at room temperature 

(fig. 3.3). 
The nea.rly constant S-values mean thai Li is introducing a constant number of 

holes. This would imply that the Li-acceptor levels are exhausted. In the calculations 

it may be assumed that p ) n. 
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function of temperature •. 
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With formula (5.3), plNp can be calculated, we assume again hopping conduction 

and use A = O. At this point, the choke of A = 0 seems justified because values of 

A> 0 would involve larger relative numbers of charge carriers pi Np than could be 
introduced via the dope content x. 

In iable 5.4., plNp values are listed in column 3. Absolute values of pare dependent 

on the model applied, because Np is twice as large for model 2 as for model 3. 

Calculated charge carrier densities are compared to nominal values of xin column 4 . 

The plNp values obtained are roughly proportional, but not equal to the dope 

content x. However, the ratios in column 4 are smaller than one. This mea.ns that not 

every Li-ion added is active as an acceptor. With respect to this, it should be 

recalied that a higher concentration of Li-ions has been detected on the grain 

boundaries with SIMS measurements (§ 4.3.2). The findings here point at a constant 

distribution coefficient bet ween the surface and the bulk of the material at a certain 

temperature, so that only the Seebeck coefficient of the bulk material with a smaller 

Li-content is measured. 
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Table 5.4. Parameter values measured and calculated for Li-doped CoS04, 

350 K < T < 900 K 

1 

0.0045 

0.01 

0.05 

2 

S[tLV / K ] 

expo 

540 

470 

360 

3 

lL 
Np 

calc. 

2_10-3 

4_10-3 

2.10-2 

4 

lL/x 
Np 

ca1c. 

0.42 

0.43 

0.31 
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At higher temperatures, T> 900 K, S is decreasing. This can be due to the 

increasing number of holes created by the intrinsic charge creation process, Ph 

numerous enough to overrule the dope influence. In this case, Pi must be larger than 

the number of holes due to the Li+ -dope, Pdope' For example, for x = 0.0045, the 

calculated intrinsic Pi/Np (2.0.10-3) at T = 950 K (see table 5.2., column 6) is in the 

same range as the resulting value of Pdope/Np (2.10-3) (see table 5.4., column 3). We 

see that from about 950 Kon, the intrinsic holes are dominating in the material 

Lio.004SCOU95504· 
The lattice parameters of Li-doped Coa0 4 do not significantly differ from those of 

the undoped material, contrary to the Ti-doped case (see table 3.1.). Still, the 

bandgap seems to be little lower in Li-doped C030 4 than in undoped Coa0 4• This 

can be seen from the lower S-values at T > 1000 K. Since the acceptor levels of Li lie 

close to the top of the valence band, a virtual decrease of the bandgap due to a fusion 

of acceptor levels and valenee band could be possible. 

We may state that our findings point to the fact that Li-doped COS0 4 is an 

exhausted p-type doped semiconductor, where intrinsic charge-carrier creation 

overrules the exbausted dope concentration at higher temperatures. 
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5.6 Conductivity measnrements on C030. 

The conductivity of the samples was determined during the S-measuring runs. This 

was routinely done, although the usefulness of the results is doubtful. The reason for 

this is the possible dominant in:Ouence of grain boundaries in the polycrystalline 

specimens. It is expected that the grain boundaries have a higher condtictivity due to 

a greater amount of defects, sueb as excess of oxygen or impurities. An excess of 

oxygen was detected in the surface layer of Coa0 4 [TYU 88]; the grain boundaries 

might have a comparabie composition. 

Figure 5.8 shows curves of In (l as a function of l/T. The data of Tareen et alii 

[T AR 84] are given in arbitrary units and therefore cannot be positioned exactly in 

the plot. However, the slope of the curve is correctly given. 
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The differences in slope of the curves in fig. 5.8 at lawer temperatures i$ taken as an 
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indication of influence of gram boundaries. This assumption is supported a.lso by the 

finding that, contrary to the expectations, (J of p- and n-doped samples is smaller 
than (J of undoped materia.l at Iower temperatures. 

An attempt can be made to estimate a possible impurity content by extrapolating 

the ben ding in In (J = f (ljT) between 700 K and 500 K to a constant (J-value of 

exhausted (impurity) dope. The extrapolated line ends at about ln(J Il: - 2. With an 

estimated mobility of 0.01 cm2jVs one derives p = 8.1019 cm -3. If this va.lue. was 

derived fIom measurements of (J on a single-crystalline materia.l, this could point to 

8.1019 charge carriers per cm3 originating fIom impurities, which are overruled by 

intrinsic charge carriers at T > 900 K. In our case we ascribe this effect to the 

influence of grain boundaries at these temperatures. 

It can be noticed in fig. 5.8 that the (J-va.lues increase considerably at T> 800 K in 

both our data and those of Koumoto and Yanagida [KOU 81). At high temperatures, 

our data and those taken fIom literature show about the same temperature depen

dence. This may be due to the strongly decreasing bandgap, which was found 

interpretating results of S-measurements. At T > 800 K the bulk conductivity may 

become dominant. 

On the basis of the p-values obtained from S-measurements in the intrinsic semi

conductor model at higher temperatures (tabie 5.2, column 6) we can ca.lculate the 
mobility Jtp following fIom our (J-va.lues. Values for Jtp of about 0.04 cm2jVs are 

found e.g.at 1000 K (for model 2; for model 3 the va.lue is this vaIue), which is 

indeed an indication of a hopping type transport in this temperature range, in 

confirmity with the ca.lculations (A = 0). 

As a conclusion of this chapter it can be stated that the formulation of the two

carrier model is reasonably consistent for the three presented cases of undoped, 
Ti-doped, and Li-doped C030 4. This stands not onIy for the qua.litative argument a

tion, but also for the quantitative estimates. 



86 



87 

Chapter 6 

Combined Interpretation of Thermal-Expansion Data and 

Electrical Properties with respect to Electronic Processes 

In this chapter, the results of the foregoing chapters 4 and 5 are used to make a 

choice for the most probable thermally activated electronic transitions in Co30 •. 
Activation energies determined by evaluation of thermal expansion and Seebeck

coefficient data are compared. Transitions 2 and 3 remain probable as being the ca.use 

for the charge-carrier creation, in combination with transition 1 as main ca.use of the 

abnormal thermal expansion. Magnetic and thermodynamic data, in the latter case 

especially the enthalpy of formation, support transition 1. Transitions 2 and 3 for the 

charge-carrier creation are also discussed in re1ation to the crystal structure and XPS 

spectra. This evaluation leads to tlie suggestion that transit ion 2, a charge dis pro
portionation between Co~II+ -ions, is the most likely process to create charge carriers. 

6.1 Comparison of activation energies for electronic transitions derived from f1111-

and S-data of Co30 4 

In § 4.3, three electronic transitions have been proposed as possible ca.uses for the 

anomalous thermal expansion of COS0 4• These are 

an LS to HS transition of ions in octa

hedral sites; 
a charge disproportionation between 
two C~II+ -ions in octahedral sites; 

model 3: Coi+ + CoiII+ -+ Co!+ + Co~+, an electron exchange between ions in 

tetrahedral and ions in octahedral sites. 
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In § 4.5, the transition energies have been ealeulated trom the anomalous thermal 

expansion for the three separate models in two eases namely rigid spere (rs) and 

spring-like behaviour (sb), with the assumption that only one type of proeess occurs. 

The proeess as described in model 1 is an intra-atomie transition, which does not 

directly generate charge carriers. In contrast to transit ion 1, transitions 2 or 3 do 

create charge carriers. These will influence the value of the Seebeck coefficient. In 

§ 5.3, Eg(T) for an intrinsic charge-carrier creation-process has been estimated from 

the experimentally obtained Seebeck coefficients on the basis of a two-charge-carrier 

model. If the same single process would he responsible for both the abnormal dilata

tion and the charge-carrier creation, Eg trom S-data would correspond to one of the 

activation energies E2 or E3, and the process could be determined unambiguously. 

However, in comparing E2 and Es trom fig. 4.8 with Eg from Sof C030 4 (tabie 5.3., 

column 3), it can be seen that Eg is larger than both E2 and E3 over nearly the whole 

temperature range (figure 6.1). 
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The energies derived from the expansion data assuming some elasticity of the lattice 

are even lower than those for the rigid sphere models. 

It appears that the energies derived in the two different ways are not reconcilabie. 

This implies that the anomalous thermal expansion as we11 as the change in Seebeck 

coemcient with temperature cannot be explained with any of the proposed models 

separately. The oonc1usion is that two or perhaps even three processes take place 
simultaneously. 

With respect to the conclusion reached above, the foUowing view on the thermally 

activated processes in C030 4 is proposed: 

- process 1 is directly responsible for the huge increase of the expansion (this oon

clusion is in agreement with the statements of O'Neill [ONE 85]), and is at the 

same time causing the decrease of the bandgap Eg as function of temperaturej 

- process 2 or 3, or a oombination of these processes, is responsible for the increasing 

number of charge carriers with increasing temperature. The relevant activation 

energy for the generation of charge carriers is approximately 1.6 eV at 300 K, 

which is decreased at higher temperatures due to process 1. A much lower activa

tion energy would not be in agreement with the relatively low electrical conducti

vity of undoped C030 4 at room temperature. 

6.2 The enthalpy of reaction for the oxidation of CoO 

As shown in § 3.4, we have determined the high temperature value of the reaction 

enthalpy 6.H for 3 CaO + ! O2 -t C030 4 with TGA. We found it to he equal to 1.95 

± 0.05 eV lat O.in the linear region of the phase line. There are two methods to 
determine the enthalpy of reaction, which are making use of experiment al data in 

two different temperature regions. One method is the outlined determination of the 

slope of the phase line in the high-temperature region, and transferrence of the high 

temperature value down to room temperature. The second method is calculation of 

the enthalpy of reaction from specific-heat data, mostly derived at temperatures 

around room temperature. It appears that there is a misfit in the two differently 

derived enthalpies of reaction [OPP 80]. Comparison with room-temperature litera
ture data obtained with specific-heat data [OPP 80J reveals a difference of about 0.3 

± 0.05 eV lat 0 for the two values of 6.H. This difference can be explained by the 

occurence of a phase transition, in this case the LS-HS transition of the Co~II+ -ion. 
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As calculated in § 4.5, the LS-US transit ion requires an activation energy of about 

0.2 eV. This explanation seems quite probable considering the !act that the trivalent 

Co-ions in CoaO, are in the LS-state at room temperature, and partIy in the 

US-state at 1100 K, so that the calculated value of 0.3 eV applies specifically for 

that ion, whereas the Co-ion in CoO is always in the US-state. 

6.3 Magnetic susceptibility measurements on CosO, 

The low-spin to high-spin transition which is supposed to be responsible for the 

abnormal increase in the thermal expansion from about 600 K on (soo fig. 4.4), must 

be reflected in the magnetic susceptibility. Measurements have been reported for the 

relevant temperature range in literature: [COS 56], [COS 58], and [PER 64].Cossee 

[COS 56] has made a. detailed study of the high-temperature magnetic propertïes of 

different Co-compounds. Part of his results is shown in figure 6.2, where the inverse 

susceptibility of one gram atom of the material is given as a function of temperature. 

At lower T, a Curie-Weiss law for an antiferromagnet is followed: 

C 
X = a + T - au ' (6.1) 

where a is a temperature independent term, 

C is the Curie constant, and 

e AF is the antiferromagnetic Curie-Weiss temperature. 

Comparison of the parameters a, C, and e AF with the values of other Co-containing 

materials led Cossoo to the conclusion that COsO, is a normal spinel with diamagne

tic ions on A-sites and paramagnetic ions on B-sites. 

At T ~ 600 K the 1/x curve for COS04 deviates from the at these temperatures 

expected straight line, and becomes concave to the T-axis. This means that x-values 

increase more than extrapolated from lower T. This finding is confirmed by [COS 58] 

and [PER 64]. Cossee proposes two possible causes for this deviation: a loss of oxygen 

during heating, introducing magnetic Co~+, or a partial transition from diamagnetic 

CoiIH to paramagnetic Co:+. 
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Perthel and Jahn [PER 64] carried out magnetie-susceptibility measurements as weIl 

as TGA on C030 4 prepared from Co-carbonate. They detected weight losses from 

300 Kon, reported as OJcygen loss, and therefore also propose the introduction of 

magnetic Coi+ as explanation for the bending of the 1/X curve towards the T-axÏs. 
We did not detect any oxygen loss in the relevant temperature range with TGA on 

samples prepared from Co-oxalate (see § 3.4). It may be possible that Perthel and 
Jahn in their TGA detected losses of carbon originating from the Co-carbonate or 

losses of absorbed oxygen molecules. We are inclined to believe that the magnetic 

measurements register an increasing number of magnetic Co~+ -ions resulting from 

LS-HS transitions, implying an increase of the magnetic moment of the specimen. 

1t should be noted that the magnetic moment increases in all three proposed elec
tronie transitions. The extra increase of X above normal Curie-Weiss behaviour is in 

support of all the models. However, model 1 is most appropriate when considering 
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the temperature region where the extra magnetic effect becomes noticeable. This is 

illustrated in figure 6.3, where the progress in reaction (z) deducedfrom thermal 

expansion experiments (compare fig. 4.7) with model 1 is shown togéther with the 

relative number of charge carriers pIN as deduced hom the Seebeck-coefficient 

measurements of COsO" both as a function of T. The ratio pIN corresponds to z for 

models 2 and 3, because in these models the number of charge carriers increases. It 

ean be seen that processes 2 or 3 become only noticeable at T > 900 K. Apparently 

this is due to a higher activation energy. Since transit ion 1 is noticeab1e in the 

thermal expansion measurements hom 600 Kon, and the magnetie measurements 

a1so show the extra effect hom 600 Kon, it ean he eoncluded that the magnetic 

susceptibility data support model 1. 
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6.4 Contribution of processes 2 or 3 to the extra thermal expansion 

All proposed transitions theoretically canse an increase of the lattice parameter, as 

outlined in § 4.4. The discussion in the foregoing sections implies thatcontributions 
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of processes 2 or 3 io ihe anomalous expansion have to be expected. In order to 

estimate how large these contributions would be at most, we have calculated 

products of piN obtained from S via (5.4) and the largest possible relative expansion 

.6. 2rs = 0.05. The quantity thus obtained: (plN).6. 2rs has been plotted together with 

the (experiment al) extra expansion in figure 6.4. The curves resembie those of fig. 6.3 

because they are derived from the same experiment al data. It can he seen that there 

is a noticeable dilatation due to process 2 or 3 at T> 1000 K only. The larger part of 

the effect (about 2/3 at T> 1000 K), however, is due to process 1. 
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6.5 XPS measurements on Co-oxides 

As described in § 2.2.3, XPS measurements give information on the binding energies 

of electrons in a soUd. In literature, several examples of XPS spectra of Co-oxides 

ean he found: [OKU 76], [OKU 79], [KIM 75]. We measured XPS spectra of different 

Co-oxides in order to find indications for the electronic configuration and the 
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magnetic state of the ions in C030 4• Figure 6.5 shows the Co-2p spectra of CoA120 4 

and COS0 4. It appears that the core lines Co 2P1l2 and 2P3/2 of C030 4 and CoA120 4 

are sharp and have a neighbouring small peak (shake-up line) lying about 5 - 10 eV 

higher than the main peak, which indicates the high-spin character of Col+. 
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Figure 6.5 XPS spectra of Co-2p core lines of CoA120 3 and COsO" 

In figure 6.6, valence-band XPS spectra of various Co-compounds are given. The 

position of the peaks can he related to ion sites in the spinellattice. A valence-band 

spectrum of COsO. has already been published by Kim [KIM 75]. 
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Figure 6.6 
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We interpret the peak at '" 3 eV helow the Fermi level as due to C01+, while the 

peak at N 1 eV is due to the presence of Co~II+ in the spinellattice. In general, a 

re1atively narrow and high peak originates from ions with a completely filled (closed) 

electronic shell. This can he seen in the spectrum of ZnCoMnO 4, where Zn~+ has a 

closed 3d shell. Therefore we attribute the narrow peak of C030 4 at tv 1 eV to 
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coäII+ -ions in the lattice. The CoiII+ -ion has a 'partly closed' 3d-shell becanse the 

lower triplet (t2g) is completely filled with six electrons. 

In general, it is easier to remove an electron !rom a divalent ion than !rom a trivalent 

ion. Thns one won1d expect that the valence-band energy-Ievel of Coi+ lies closer to 

the Fermi-level than the valence-band energy-Ievel of coiII+. However, the adverse 

is true when the crystal field reverses the position of electronic levels. As follows 

!rom the spectra shown in fig. 6.6, this latter arrangement must he the case in C03Û4' 

Thus, the XPS spectra help us to make a choice between the models 2 and 3 for 

charge carrier creation. The higher position of coiII+ -states compared to Coi+ is in 

favour of arrangement (a) of fig. 4.6, and at the same time points to the validity of 

model 2. 

6.6 Discnssion of models 2 and 3 with respect to mobilities 

In the following, the physical meanings of model 2 and :3 and their relevance to the 

explanation of the Seeheck-coefficient will he discussed. 

In the interpretation of S-data, intrinsic behaviour has been assumed, where the 

intrinsic charge carrier concentration and the relative electron and hole: mobilities are 

responsihle for the temperature dependenee of S. Specifically: th~ mobility of 

electrons is larger than the mobility of holes at T < 300 K, and vice versa at higher 

T. 
We will diseuss the temperature region T> 300 K, where physical arguments ean he 

îound for /kp > Jtn. 

The changes in ionie radü in the various eleetronic transitions are as follows: 
coiII+ -+ Coi+ transport of an electron in the B-sublattice (models 2 and 3), implies 

an increase of radius of N 0.022 nm. 

(Co:+ - Co~+: inerease N 0.014 urn). 

CoiII+ -+ Coj+ transport of a hole in the B-sublattice (model 2), implies an increase 
ofradius of N 0.004 nm (Co:+ - Coj+ : decrease N 0.004 nm). 

Coi+ -+ Co!+ transport of a hole in the A-sublattice (model 3), implies a decrease 
of radius of N 0.Q10 urn. 

In the mot ion of a negative charge carrier, the lattice has to he dilated locally in first 

instanee, even if the LS - HS transition of CoiII+ has already taken place. This rela

tively large initially Iocal lattice distortion in electron transport compared to hole 
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transport implies a low electron mobility compared to hole mobility, /Lp > /tn. An 

extra contribution to the change in /Lp/#n may arrise from the LS-HS transition. 

The nearest-neighbour distance between two A-sites (i~ a) is larger than that of 

B-sites (!J2" a). Exchange of charge carriers (hopping of electrons or holes) seems 

e&Sier bet ween B-sites than bet ween A-sites, because localization of charge carriers is 

larger in A -sites, /LpB > /Lp! (argument for model 2). 
In model 2, hole as wen as electron transport is a multi-electron process, see figure 

6.7. 

Figure 6.7 
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If we look at the electronic spin states of the different ions of model 3 we see that 

transport of holes in the A-sublattice (Co;+ - CoX+) involves only high-spin states 

of cations, and is in any case a one-electron process, whereas charge transport of 
electrons (in the B-sublattice) implies a spin flip of two extra electrons (multi
electron process), as long as transition 1, Co~II+ -+ Co:+, does not contribute signifi

cantly. This is the case as long as Zl < 0.3, where 0.3 is the critical concentration in 
which adjacent B-site ions are regarded as connected (percolation lirit) [SCH 70]. 

The necessary multi-electron pxocesses could severely hamper charge transfer, resul

ting in /Lp! > Jl.nB' However, the larger distance between A-ions will influence this 

relation. 
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Reviewing the arguments above, we express a preference for model 2, which stands 

for the charge disproportionation bet ween neighbouring Co~n+ -ions on octahedral 

sites. 

Comparing our interpretation wiih these given in the literature we see that it is in 

line with the conclusions of Belova et alii [BEL 80], Kozlova et alii [KOZ 83], and 

Shimida et alii [SHI 85], and in dis agreement with the interpretations of Sunbov et 

alii [SUN 79], Koumoto and Yanagida [KOU 81], lliev et alii [ILI 82], and Tareen et 

alii [TAR 84]. It is also interesting to note that the relative increase at higher Tof 

the C03+ -concentration together with the charge disproportionation of ConI+ ICo3+ 
has also been found in LaCoOa and Lao.rSruCo03 on the basis of UPS data 

[ORC 81]. 

In the next paragraph, anion-cat ion electron exchanges, specially in relation to 

model 2, will be discussed. 

6.7 Electronic processes involring anions 

We will discuss a variant of model 2, where an oxygen 2p band may intermingle with 

the cation 3d band. This could take place wUh octahedral cation bandS, because the 

electron affinity of the tetrahedral Co-ions is smaller. (An extra electron on a 

tetrahedral Col+ -ion results in the unstable Cot -ion, the empty sites of Cot are 

located 4 eV higher than the Col+ -sites [CRE 69]). In a quite extreme case, the 

electron exchange has the form: C~II+ + 0 2- ----+ C~+ + 0-. This charge-transfer 

process up to now has not been introduced in the literature concerning the spinels. In 

the case of anion-cation state-mixing (covalency), even more transitions are possible. 

The difference bet ween model 2 and its variants is the kind of transport level of the 

holes. In model 2, the p-type transport level is the cat ion 3d band. In the variant 

case it is likely that the holes will arise in the hybrid 3d - oxygen or oxygen 2p band, 

which are broader than the cation bands, and thus PP;) Jl.n. 

The Coulomb interaction U, which is defined as the energy difference between the 

final states and original states of the two ions, is dominant in proces 2. The variant 

with anion-state mixing is determined by the charge transfer energy 6 ct, defined as 

the energy difference bet ween the final states and the initial states, this time concer

ning a ligand anion and a cation. Transition 2 is dominant as long as U ( dct (Mott-
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Hubbard picture), where both the flrst ionization and electron affinity states are 

d-states. If Act < U, the variant is more relevant, where the bandgap is of charge

transfer type, the first ionization states are of anion character and the first electron 

affinity states are of cation-d-character. In the first case (U ( act) we find Eg IJ( U, in 

the latter case (Act < U) we have Eg ex act. According to band-structure calculations 

the 4s - p transition-metal bands and empty anion bands are high in energy, so that 

we may neglect these in fust instance [SAW 88]. 

The most important parameters influencing the mentioned energies are the Madelung 

energy, which stabilizes the ionic ground states in the semiconductors, the polariza

tion energies, and the covalent effects arising from the mixing of the anion and 

cat ion s- and p-states. It is very difficult, if not impossible, to derive absolute 

magnitudes for the parameters on the basis of simple arguments. For example, 

Zaanen [ZAA 86] has used optical-spectroscopy data to determine trends in the 

electronic structure of divalent tmo. He finds that CoO is in between Mott-Hubbard 

systems and charge-transfer materials. This is illustrated in flgure 6.8, where the 

charge transfer-energy aCT and the dn+1 
- dn

-
1 splitting energy Ua (both including 

electrostatic crystal-field corrections) are shown for different divalent transition

metal monoxides. 

Figure 6.8 

v Cr Mn Fe Co Ni Cu 

Charge-transfer energy ~cr, and Coulomb interaction 
energy Ucr, both inc1uding crystal field corrections, for 
different transition-metal oxides, MeO, from [ZAA 86] 
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As can be seen in fig. 6.8, the Ni- and Cu-oxides are expected to be of Mott

Hubbard type, while Ti- to Fe-monoxides are probably of charge-transfer type. Co 

lies in bet ween, because the energy differences are small. 

The above presented description is calculated with 2 Co~+ -ions as ground state. 

With 2 CoÁII+ -ions as ground state we expect the situation to move into the 

direct ion of Ni, i.e. more Mott-Hubbard type. But we still have to take cation-anion 

band hybridization into consideration. 

Up to now, we cannot precisely describe the relation and interaction between the 

cation and anion electronic levels of COaÛ4' 

For further analysis it would be desirabie to have IPS (Inverse Photoelectron 
Spectroscopy) or UPS (Ultraviolet Photoelectron Spectroscopy) data. 

Finally we may conc1ude that electronic process 2 most probably is responsibie for 

the intrinsic charge-carrier creation in COaÛ4' 
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The Cobalt-Manganese mixed Oxides Series 

Af ter a review of literature, preparation procedures are described. Properties of 
prepared samples are listed. A qnalitative interpretation of electrical data is given. It 
is conc1uded that at least two different electronic transitions take place at different 
temperatures: the first is an electron exchange between cobalt- and manganese ions, 

the second is comparabie to transition 2 discussed in the foregoing chapters: charge 
disproportionation of trivalent ions. Dielectric relaxation measurements yield values 

of activation energies for hopping of bound charge carriers in textured MnsO 4' 

7.1 Information from literature 

7.1.1 The strncture of Co-Mn oxides 
In nature, the compound MnsO. occurs as the mineral hausmannite. At room 
temperature, MnsO. has the tetragonally deformed spinel strncture (a-phase) with a 
normal cation distribution Mn2+[Mn~+lO~- [ROM 53], [GOO 55J, [DRI 67}, and a 

ratio of lattice parameters c' la' = 1.16 [HOO 58J, [PET 71] (see § 7.3). Mn:+ -ions 
on octahedral sites are responsible for a tetragonal deformation of the lattice due to 
cooperative Jahn-Teller distortion of the Mn3+0~--octahedra [SAT 61]. The Jahn
Teller effect des cri bes a distortion of the crystal lattice bringing about a partial 
removal of electronic degeneracy redncing the symmetry of the surrounding oxygen 

ions. At temperatures above 1433 K, the structure of MnaO. is cubic and iso-
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morphous with the spinel structure [HOO 58]. Be10w 1153 K in air, MnS04 oxidizes 

to Mn20S [HAH 60], [OTT 64], [SHE 67]. 

Mna04 orders ferrimagnetica.lly below tv 42 K [DWI60], [BOU 71], (JEN 74]; all 

Mn-ions are in the high-spin state. 

According to the phase diagram (see figure 7.1) a complete mixed series of C030 4 and 

Mna04 e:x:ists : Cos-xMnJ:Û4 with 0 S x S 3 [WIC 58], [AOK 62]. The phase diagram 
has been established by Aukrust and Muan [AUK 63]. Later it has been reported, 

that it is difficult to sufficiently freeze in by quenching high-temperature equilibrium 

states [GOL 85]. During cooling, probably clustering of Jahn-Teller ions occurs, 

which Can intro duce phase segregations. 

In the series, Mn tends to occupy the B-sites preferentially, some inversion up to 3 % 
is reported for ceramic specimens [AOK 62], [BOU 70]. 

Roughly three regions of mixed crystals can he considered: 

1.) 0 S x S 1.2 cubic spinel, C02+ [ Co~~! + Mn~+] O~-. (7.1) 

2.) 1.2 < x S 2.0 tetragonally deformed, increasing c'fa' with x, y S 0.09, 

3.) 2.0 < x S 3.0 

Y denotes the fraction of Mn-ions on A-sites 

C 2+ 2+[C 111+ 3+ ] 0 2-0l-y Mny 02-x +y Mnx ~y 4' 

tetragonally deformed with less varying c' Ja' 
(7.2) 

2+ 2+ [ 3+] 2- ( ) Cos -x Mnx_2 Mn2 °4 , 7.3 

In between regions 1.) and 2.) there is a transition from a cubic to a tetragonal 

structure. 

Our data of the lattice parameters are shown in § 7.3. 

The structural data are strongly in favour of the coe:x:istence of Mn3+ and CoIlI+ as 

the ground state of the octahedral cations for x ~ 1.2 [BRA 83]. This is in contrast to 

the conclusion based on magnetic susceptibility measurements performed on 

C02Mn04' that C02+[Co2+Mn4+10~- would be the ground state [BLA 63]. According 

to Jonker [JON 66] CoIII+ -Mn3+pairs partly transform into C02+-Mn4+ pairs for 

small amounts of Co in LaCoxMnl_xOs (and small amounts of Mn in 

LaMnxCo1_XOS)' Jonker measured a negative Seeheck coefficient, which he ascribes to 

the extra electrons on C02+ -ions. From magnetic measurements, Bozorth and Walsh 
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[BOZ 58] also conclude that all four cations coexist in CoMnO,. x-measurements on 

ZnCoMnO, [BON 57] and on LiCo0.5Mn1.504 [BLA 64] are also in favour of the 

C02+ -Mn4+couple. However, due to strong anion polarization effects, this couple is 

expected to induce a superstructure in the Li-compound, brought about by the 

ordering of the octahedral Coi+ - and Mn:+ -ions, resulting in an increase of number 

of active modes in IR spectra. This increase was not observed in IR-absorption 

spectra [PRE 68]. 

An alternative explanation for the observed T-dependencies of the magnetic suscepti

bility for the Co-Mn compounds in the framework of the CoIII+ -Mn3+ ground state 

can be found in the partiallow-spin to high-spin transition of the octahedral Co~II+_ 
ion. 

7.1.2 Electrical transport 

Mn304 
In a-Mn,O, in the temperature range 600 K :=; T :=; 900 K, Brabers et alii 

[BRA 83/91 findhopping conduction with an activation energy of E ... = 0.6 eV for 
hopping of holes between Mn:+ - and Mn:+ -ions. At higher temperatures, 

900 K < T:=; 1200 K, these authors find equal activation energies for the hole 

concentration and the conductivity: Ep = Ea = 1.3 eV, indicating band-type 
conduction. It is suggested that conduction in the tetrahedral Mn-Iattice might have 

a band-type character. Metselaar et alii [MET 81] find a difference in activation 

energies of p and (J at 1100 K < T < 1433 K, and calculate an activation energy for 

the mobility of charge carriers of Ep. = 0.38 eV. 

An x-ray diffraction investigation at temperatures between 913 and 1273 K of the 

mixed spinel system Mg-Mn-oxide indicates that the charge of Mn:+ ions is partly 

disproportioning into Mni+ and Mn:+ [BAR 83]. Dorris and Mason [DOR 88), who 

measured the Seebeck coefficient of cubic MnsO, in the temperature range between 

1190 and 1800 K a1so suggest this disproportionation reaction. Suntsov et alii 

[SUN 19] investigate electrical propertîes of the MnaO, spinel, and dope it with 
sulfur for conductivity measurements at different temperatures. Thair conclusion is 

that charge transport takes place via tetraedral sites. 

MnO 
A hole mobility with an activation energy for the mobility of 0.3 eV indicates a small 

polaron character, which is ascribed to the Jahn-Teller deformations caused by the 

holes (Mn~+) in Li-doped MnO [CRE 68], [CRE 70]. 
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Co-Mn-oxides 

For the mixed Co-Mn oxide C02Mn04, an activation energy for the conductivity of 

Ea = 0.36 eV is reporteq [GAU 82], and nearly the same in thin filma of C02Mn04: 
Ea = 0.35 eV [V AS 80], which is ascribed to Mn3+ -Mé+ charge transfer. 

As already mentioned, Jonker [JON 66] concluded from electrical and magnetic 
measurements that in mixed La(Co,Mn)oxides, CoIII+ -Mn3+ pairs exchange an 

electron and transform inio Co2+ _Mn4+ pairs. It will be shown that the interpreta

tion of the Seebeck-coefficient data of thls study supports this suggestion. 

7.2 Prepara.tion of Co-Mn oxides 

MnS04 
For the fabrication of manganese oxalate MnC20 4, manganese nitrate Mn(N03h was 

dissolved in demineralized water (aqua. dem.), to which an aqueous solution of oxalic 

acid C20 4H2 was added. This resulted in the precipitation of white (or pinkish) 

manganese oxalate. The powder was filtered, washed with aqua dem. and dried. lts 

crystal-water content was determined in the same manner as with cobalt oxalate, as 

outlined in § 3.2. 

To obtain manganese oxide Mn304, the manganese oxalate was calcinated by very 

slowly heating it up to 1100 K during one day in an oxygen atmosphere and subse

quent quenching. 

For the preparation of iitanium doped Mna04, appropriate amounts of the black 

Mn30rPowder and titanium oxide Ti02 were mixed, ball-milled, pre-fired for 6 h in 

air at 1300 K, quenched, and ball-milled again. 
Blocks were pressed and sintered under the conditions indicated in tables 7.1. and 

7.2. fuIther on. The resulting polycrystalline blocks were sawed into smaller bars. 
Some of the bars were shaped to round bars so that their dimensions and form was 

appropriate to mount them in the apparatus for zone-melting (see § 2.1.2). In thls 

process, a cubic spinel crystal was formed fIom the melt, which transformed into a 

tetragonal specimen on cooling to room temperature. Usually, this specimen was not 
a single cryst al , because at the cubic-tetragonal transit ion, orientation of the tetra

gonal c-axis occurred in certain regions of the crystal in any of the perpendicular 

directions (texturing). The zone melting was done in air using a texiured sood crystal 

(Mn304) with the growing axis in the <110> direction. During an annealing process, 

alignment of the c-axes of the textured specimens was achleved. This was carried out 
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in air at 1470 K for one day, the samples were thereafter slowly cooled down to 

1270 K, and quenched in air. 

Co-Mn oxides 

The phase diagram of the system cobalt oxide - manganese oxide in· air from Aukrust 

and Muan [AUK 63] was taken for orientation to find appropriate sinter tempera

tures for the samples of the mixed series, see figure 7.1. 

Figure 7.1 

2000 
lCo,MnlO + t iquid 

spine·~1 ...I)--::::::::i::::::::::::::::::::i====~~~=--l liqûid_ 

liquid 

((o,MnIO 

~ 
1ü 1500 
t.. 

~ 

~ 

1000 

3 o 
Mn content x of Mnx C03-x 04 

Diagram showing phase relations in the system cobalt 
oxide - manganese oxide in air from [AUK 63], 
two phase lines extrapolated on base of own results 
(dotted lines) 

The mode of cooling down the samples af ter sintering was subject of a number of 

experiments. The prefiring conditions for the samples and other handling procedures 

are summarized in table 7.1., whilst table 7.2. shows the sinter conditions. 
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Table 7.1. Prefiring conditions and preparation of Co-Mn oxides 

Ino~nal starting balI mill calcination balI mill press 
materials T [Kl 

0 Co-oxalate + 460 + + 
0.001 oxalates + 460 + + 
0.01 oxalates + 460 + + 
0.05 oxalates + 460 + + 
0.1 oxalates + 570 + + 
0.2 oxalates + 570 + + 
0.3 oxalates + 570 + + 
0.4 oxalates + 570 + + 
0.5 oxalates + 670 + + 
0.9 oxides # + 1170 + + 
1.0 oxalates + 670 + + 
1.1 oxalates + 670 + + 
1.5 Coox+Mns04 + 670 + + 
2.0 Coox+Mns04 + 670 + + 

I 

2.5 oxides + 970 + + 
3.0 Mn-oxalate - 1270 q + + 

q quenched 
# the sample with x = 0.9 should better be prepared !rom the oxalates 

Table 7.2. Sinter conditions for Co-Mn oxides 

x T [Kl atmosphere 
nominal 

time [days] cooling procedure 

0 1070 air 5 in furnace (within N 6 hours) 
0.001 1070 air 10 in furnace 
0.01 1070 air 8 in furnace 
0.05 1070 air 10 in furnace 
0.1 1070 air 7 in furnace 
0.2 1120 air 10 in furnace 
0.3 1120 air 28 in furnace 
0.4 1120 air 14 in furnace 
0.5 1070 air 14 within "'20min .... 670 K in vacuum 

then quenched 
0.9 1230 air 21 within N30min. in air 
1.0 1270 air 1 in fnrn ..... 770 K; then quenched 
1.1 1230 air 1 in furnace 
1.5 1370 air 5 within 30 min. in vacuum 
2.0 1370 air 6 within 30 min. in vacuum 
2.5 1370 air 5 within 30 min. in vacuum 
3.0 1500 air 1 

+ 1600 air + 2 within 30 min. in vacuum 
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From the results of our quenehing experiments the region of tetragonal-eubie mixed 

phase eould be extrapolated to lower temperatures as indicated in the phase diagram 

with the dotted line (fig. 7.1). 

7.3 Qualitative analysis of Co-Mn oxides 

The samples were first examined under an optical microscope on regions of different 
shading, and part of them was used for x-ray powder diffraetion analysis. These 

examinations led to the choke of samples without second phases (or with smaller 

amounts of second phases than the deteetion levels). 

Lattice parameters 

In order to compare the lattice parameters of the cubic phase and the tetragonal 

phase, a pseudo unit eell of the tetragonal strueture should be taken into considera
tion. This is accounted for by multiplying the lattiee parameter at; of the tetragonal 

phase with a factor of /i, which implies a virtuallarger unit eell eontaining the same 
number of formula units MnaO, as the cubic unit cello We then have: ac = a, 

8.j;./i = a', and Ct = c'. 

The lattiee parameter (a.) is listed in table 7.3., for small Mn-dope content, (a partial 

reproduction of table 3.1.), and the lattiee parameters a, a', and c' are presented in 

figure 7.2 for the whole mixed series as a. funetion of x. 

Table 7.3. Lattice para.meter a of Coa_xMnxO, (± 0.0003 nm) 

Me x 
nominal 

a [nm] 

-- 0 0.8086 

0.001 0.8086 
Mn 0.01 0.8090 

0.05 0.8089 
0.1 0.8094 
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Figure 7.2 Lattice parameter a of the eubic spinel, a' and c' of the 
tetragonal spinel, V}' = (a,2c,)i where Vu is the vo
lume of a erystal unit eell, and e'/a'-ratio for the Co
Mn mixed series 

The values of a, a', and c' of fig. 7.2 are in agreement with literature values [GOL 77] 

and [GOL 85], and are extended to lower x-values. Aoki [AOK 62] finds higher c'

values for 1.4 ~ x ~ 2, which could be due to deviations from oxygen stoichiometry 

[GOL 77), or a deviation from the nominal Mn~+ -concentration. 

As in the Li- and Ti-doped Co30 Ç cases, the related ionic radii appropria.te to the 

samples with a smaH composition parameter may give an indication whether the 

dope ions are substituted in thespinel lattice. See, for comparison, ta.bles 3.1. and 

3.2 .. Table 7.4. gives the list of relevant radii for Mn- a.nd Co-ions. 
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Table 7.4. Radii of ions in a spinellattice ([SHA 76] and [ONE 83]) 

replacing ions 

CoiII+ Mn:+ Mn:+ I Coi+ Mn~+ I Co:+ 

r[nm] 0.053 0.065 0.053 I 0.072 0.080 I 0.053 

From tables 7.3. and 7.4. it can be seen that the dope is probably homogeneously 

distributed in the lattice, because for x = 0.1, the lattice constant is larger than that 

of undoped C030 4. From the va!ues of the lattice parameters of the mixed series 

Co-Mn-O (fig. 7.2), it canbe deduced that Mn is incorporated as Mn:+ for higher 

Mn concentrations (x?: 1.2). The critica! amount of Mn:+ -ions for a tetragonal 

distortion of the lattice is 1.2 < x < 1.3 or 60 - 65 % Mn-content, which is taken as 

indication that the majority of Mn is Mn:+, hecause these ions will cause the 

cooperative Jahn-Te11er effect. The fact that the ratio of the lattice parameters c'/a: 
increases slightly for 2 s: x s: 3 (see fig. 7.2) indicates that the configuration is not as 

simple as suggested in formula (7.3). In § 7.6 it will be deduced trom Seebeck

coefficient data that Co-ions partly occupy B-sites for 2 s: x < 3. 

7.4 Tetragonal-cubic transition temperature 

As mentioned earlier, Mna04. which is tetragonal (t) at room temperature, 

transforms into a cubic (c) structure at higher temperatures (Tt-c = 1433 K, 

[HOO 58]). Due to the increase in the configurational entropy, the cubïc structure 

becomes more favourable than the tetragonal structure. Then the octahedrons 

distorted by the Mn:+ -ions are randomly oriented, thus macroscopically leading to a 

cubic symmetry. This t-c transit ion is expected to take place in all tetragona! spinels 

of the series. Furthermore, due to comparison with another spinels containing Mn:+

Jahn-Teller-ions, the transit ion temperature can he roughly predicted. A linear 

dependenee of the tetragonal-cubic transition temperature on the room-temperature 

c'fa' ratio of the MnxFe3_x04 mixed oxide series has been estabHshed on the basis of 

x-ray powder-diffraction measurements in combination with therma! expansion 
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measurements, see figore 1.3 [BRA 71/9]. We add two points to the graph expressing 

this relationship. One is Tt-c fIom the literature for MnS04 (Tt-c = 1433 K 

[HOO 58], c/ la' = 1.16), the other is derived for Co1.sMn1.504 fIom our thermal 

expansion measurements. 

Figure 7.3 

• o.x Mnx Fe 3-x04 
1600 

Mnx(03-x 04 / + 
x+ 

1200 

:x:: 
f= -, 

800 -! 

400 

1.00 
c 'I a / 

Tetragonal-cubic transition-temperature as a function 
of ratio of lattice parameters at room temperature; data 
fIom [BRA 71/9], completed with own results (+) 

FIOm the samples prepared by us, the specimen with equal amounts of Co and Mn is 

the one with the lowest Mn-content where the tetrahedral structure is ascertained at 

room temperature. The t-c transition is therefore expected in an intermediate 

temperature range, which is indeed registered in the thermal expansion measurement, 

see figure 1.4. The change in slope at T I::i 510 K indicates the t-c transition. The 

process is reversible, as shows the cooling run. 

It is interesting to note that the linear dependenee of Tt-c = f (c' /8,') established by 

Brabers [BRA 71/9] for MnxFes_x04 may have a general validity for Jahn-Teller 

systems containing Mn:+ -ions. 
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Figure 1.4 

T(K) 

Thermal-expansion measuring-plot of C01.5Mn1.50. as 
a function of temperature 

7.5 XPS measurements on Co-Mn oxides an.d related materials 

111 

XPS valence-band spectra of various samples of the mixed Co-Mn oxide series are 

displayed in figure 1.5. In this figure one observes a shift of the peak a.t the low 

energy side of the spectrum with changing composition. These spectra support the 

interpretation of the measurements of Seebeck-coefficients in these materials given in 

§ 7.6. As is demonstrated in this chapter, the position of electronic levels shifts with 

composition. 
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7.6 Seebeck coe:fficient of Co-Mn oxides 

Seebeck-coefficient measurements on mixed Co-Mn oxides as a function of composi

tion will be discussed. For the classification of the regions it is informative to look at' 

the reduced Seebeck-coefficient values and the conductivity values as a function of x 

at 400 K, as is shown in :&gure 7.6. There is some reverse correspondence bet ween S 

and (I, which could mean that the mobility of the relevant charge carriers is more or 

less constant over the whole x-range. We recall, however, that we did not use 

conductivity data in earlier configurations because of the possible influence of grain 

boundaries. Therefore a1so in this case we will use this da.ta. only for a qualitative 

discussion. 

10 
Mn

X
Co

3
_ x0

4 

T = 400 K 
SI (k/q) 

5 

o r-------------~=-----------------------~ 

-5 
lnO" 

{cr (Q -1em-i) } 

Figure 7.6 

10 

0.0 0.5 1.0 1.5 2.0 2.5 3.0 

Mn content x 

Reduced Seebeck coefficient and conductivity at 400 K 
as a function of composition parameter x; the line is 
drawn as guide to the eye 

It can be seen that the S-values increase in an equal manner in a certain range of x 

around the value x = 1, and that they are very low. In the specimen with x = 1 there 

are as many Co- as Mn-ions on B-sites, the material is probably in a crystal-
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lographically disordered state: octahedral Mn- and Co-ions are randomly distribu

ted. The minimum in S around x = 1 indicates an electron-exchange reaction 

bet ween Co and Mn being the dominant charge-carrier creation-reaction at 400 K. A 

decrease of either metal ions (Mn or Co) implies a decrease of number of charge 

carriers. Between x = 1.2 and x = 1.3 the x-ray powder-diffraction analysis indicates 

a cubic-tetragonal crystal-Iattice transition. This transit ion may he reflected in the 

conductivity data, but is not reflected in the Sf(kfq) = f (x) curve. The fact that the 

conductivity increases, and the Seebeck coefficient decreases from about x = 0.3 on, 

may be related to Mn-Ievels, whieb can participate in the charge transport from 

about this temperature on due to the fact that Mn-ions may form a chain of nearest 

neighbours (percolation limit). 

We will distinguish the following regions of x. 

Region 1, 0 <x < 0.1, relatively small Mn-dopes. 

Region 2, 0.1 :s;; x :s;; 0.5, relatively heavy Mn-dopes. 

Region 3, 0.9 :s;; x :s;; 1.1, intermediate region of Co- as weIl as Mn-transport. 

Region 4, 1.5 :S;;x :s;; 2, relatively heavy C'J-dopes. 

Region 5, 2 <x <3, relatively emaIl Co-dopes. 

Point 6, x= 3, MnS04' 

Various figures of the Seebeck coefficient as !l. function of temperature will be given in 

the following text (figures 1.7, 7.9, and 1.10). An overview of the different configura

tions of electronic levels in Co-Mn-oxide materials of different compositions can be 

found in figure 7.8. 

Region 1 0 < x < 0.1 

In figure 7.7, Seebeck-coefficient data of Mn-doped COS04 as a function of tempera

ture are presented. They can he compared with the results of C030 4 with low 

Ti-dopes, fig. 5.5. 

It is noteworthy that the curves with x = 0.001 and x = 0.01 exhibit a similar curve 

as in fig. 5.5 (Ti-doped Coa0 4). The positive Seebeck coefficient of Ti-doped Coa0 4 

has been attributed to Na-contamination, introducing acceptor levels. In the case of 

Mn-dope, the acceptor levels correspond to Mn-ions. We propose the following 
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reaction (I) to take place: CoiII+ + Mn:+ -+ Co:+ + Mn~+, (indicated (I) in figure 

7.8 (b». With respect to undoped C030 4, the Seebeck coefficient is lower for Mn

doped samples. The S-values increase with temperature due to the changing ratio of 

mobilities b which is assumed to he in the same range as in the undoped C030 4 (see 

table 5.2.). The holes stem from the intrinsic charge creation (11) 
2 CoiII+ -+ C~+ + Co:+ (reference is made to the processes described in detail in 

chapter 5) gaining enough influenee to decrease the values of S, with increasing T 

above a certain temperature. 

I I I I 

Mn-doped C0 30 4 
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Seeheck coefficient of Mn-doped C030 4 as a function of 
temperaturej 0 ~ x ~ 0.1 

As the material shows anomalous high thermal expansion at T> 750 K, the bandgap 

is influenced by this, and decreases correspondingly, which is reflected in decreasing 

S. 

Region 2 0.1 < x ~ 0.5 

Figore 7.9 shows the Seebeck coefficient of C03_xMnx04j 0.2 ~ x ~ 1, where the 

curves change systematically with the dope content. 
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Dominant hole transport is measured. We suggest that the room-temperature values 

of S in relation to x are decreased because the concentration of acceptor levels is 

enhanced with higher x. Due to reaction (1) (see figure 7.8 (c», S decreases with 

increasing temperature. From S = f (lfT)-plots the activation energy for reaction (I) 

can be derived in the temperature region 350 K < T < 650 K. Table 7.5. shows the 

values of Ey - E!, the distance between the valenee levels and the acceptor levels. 

Table 7.5. Distance between acceptor levels and valence levels for small Mn-content 
in MnxCo3_x0 4 

x nominal 0.3 OA 0.5 

(Ey-EA) ± 0.02 leV 0.27 0.20 0.17 



118 Chapter 7 

It can be seen in table 7.5. that the position of the acceptor level is lowered with 
increasing Mn-content, i.e. the Co- and Mn-Ievels shift relative to one another. The 
electron transfer from Mn:+ to C%II+ (process III) may increase the number of 
electrons, Mni+ functioning as a deep donor in an intermediate temperature range: 
Co~II+ + Mn~+ -+ Co~+ (n-type carriers) + Mn:+, where n- and p-type charge 

carriers are still competing. The total Seebeck coefficient increases in this tempera

ture range. The decrease in the highest T-region is again ascribed to the increasing 
number of holes (C%V+ and Mn~II+» which are dominant in this T-range. 

Region 3 0.9 ~ x ~ 1.1 
In this region, there are about equal numbers of Co- and Mn-ions in B-sites. All 

valence levels are in principle transport levels. No conclusions concerning the 

mobilities of the different charge carriers can be made without further information. 
This is tbe 'intermediate region' wbere tbe Co- and the Mn-ions are about at tbe 

same electronic level. The excitation of processes (I) and/or (lI) and/or (m) and/or 
(IV) (indicated in figure 7.8 (d»: C%II+ + Mn:+ -+ coi+ + Mn:+, and/or (V): 

2 Mn:+ -+ Mni+ + Mn:+ results in a relatively constant S for x = 1 as a function 
of temperature. In this composition region we have a maximum number of charge 

carriers, wbicb may be due to the intermingling of electronic states and the large 
number of possible transitions. 

Region4 1.5~x~2 

Seebeck-coefficient measurements of tbe above indicated compositions are presented 
in figure 7.10. A decrease of S with Tand an increase of S with Mn-content can be 
observed. 
For 1.5 ~ x S 2.5 only short temperature trajectories are shown because in these 
ranges the results are fairly reproducible contrary to larger temperature trajectories, 

where changes in results are probably due to clustering. 
As with all materials of the mixed Co-Mn-oxide series, holes are dominant. 
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We recall the picture for small x (regions 1 and 2), where Co-levels are main 

transport levels and Mn -levels function as acceptors. In this region (4) of larger 

x-values, the Mn-levels are the main transport levels, and the Co-levels function as 

acceptor levels. This follows from the decrease of positive Seebeck coefficient with 

temperature, and the increase of S with x at room temperature. This picture is not 

conjuncting with that of the Co-rich side. One might therefore conclude that the 

electronic levels have crossed each other in region 3. 

Transition (IV): CoäII+ + Mn~+ ~ Co~+ + Mn:+(p) creates holes in increasing 

numbers with temperature, which makes S decrease with T. This reaction was also 

proposed to take place in LaCoxMnl_x03 for small Co-content by [JON 66]. 

Region 5 2 < x < 3 
In theory, the cationic distribution of these samples is as indicated in (7.3). This 

material should be highly insulating and should contain only a small number of 

intrinsic charge carriers from reaction (V), shown in figure 7.8 (f). Since the 

registered Seebeck coefficient is not very high, we conclude that there is a finite 
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numher of Co-ions on octahedral sites, introducing acceptor levels above the Mn~+ -
levels. The numher of holes is smaller with smaller Co-content. An ex~S8 of oxygen 
eould also introduce holes, but these would ra.ther vanish with inereasinJg temperature 

than increase in number. 

Point 6 x = 3: Mn30. 
For the creation of intrinsic cha.rge carriers with the temperature, we propose, in 

consensus with [BAR 83] and [MAS 88] the charge disproportionating reaction 
het ween Mn:+ -ions (V): 2 Mn:+ -+ Mn~+ + Mn:+ (indicated in fignre 7.8 (f). 
This in analogy with the charge disproportionation reaetion in Coa0 4. 

Sinee S is positive, the mobility of the hole is larger than the mobility of the electron 

in the whole T-range. This may have two possible causes. The first could be the 

difference in change of ionic radii associated with the movement of charge carriers in 

the lattice as in the case of Co-ions. All ions are in the HS-state, tbis situation is not 

changing with increasing temperature. 

Mn:+ -+ Mn~+, transport of an electron in the B-sublattice, implies an increase of 

radius of", 0.015 nm. 

Mn:+ -+ Mnri+' transport of a hole in the B-sublattice, implies a decrease of radius 

of IV 0.012 nm. 

The other cause of the differing mobilities could he found in the' difference in 
symmetry around the various Mn-ions. Mn~+ is a 3d5-ion with a half-filled shell, 

implying spherical symmetry of the surrounding octahedron. Mni+ is an ion wbieh 

t~tragonally deforms its surrounding oxygen lattice, and Mnri+ is a 3d3 -ion which is 

not symmetrie, the surrounding oetahedron will be somewhat deformed. 

Mn:+ -+ Mn~+, transport of an electron in the B-sublattice, implies a distinct 

change in symmetry of the surrounding oxygen atoms. 
Mn~+ -+ Mnri+, transport of a hole in the B-sublattice, implies less change in 

symmetry of the surrounding oxygen atoms. 

Thus for the movement of a negative charge carrier, the lattice has to be dilated 

locally, and the symmetry of the surrounding lattice ions has io he changed to a 

greater extent than for the movement of a positive charge carrier. This relatively 

large lattice distortion around u-type carriers is initially local, and implies a low 

mobility of electrans in comparison to holes, /Lp > /tn. 
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7.7 Dielectric relaxation in titanium doped Mn.O, 

As soon as constellations in the crystallattice occur with a dipole character, these 

dipoles can have different orientations in the lattice, which can lead to dipole

relaxation losses if a.c. electric fields are applied, provided the electric field is not 

strong enough to free the localized charge carrier from the centre. 

In the present case, several causes can he listed for adielectric relaxation. 

1. Cation vacancy - Mn4+ dipole (in an oxidized sample), 

2. Mn3+ _Mn2+ dipole (in an oxygen deficient sample), 

3. Ti4+ _Mn2+ dipole (in a Ti-doped sample), or 

4. Maxwell-Wagner relaxation due to a micro structure in the sample such as layers 

of different conductivity (see § 2.6). 

Attempts were made to exclude effect 4. by cutting small discs out of a sample 

where columns of single-erystalline phases were supposed to be perpendicular to the 

contact surfaces. (As later found in microscopy pictures of the polished surfa.ce, the 

samples x = 0.003 and x 0.02 had a layered structure parallel to the contact 

surfaces.) 

The samples 

A series of compositions was 

expected ionk distribution is: 

fabricated of TiltMn3_x04 with O:s; x:S; 0.02. The 

Mn2+ [Mn~: ltMni+Ti!+] O~-
2+[ 3+ 2+ .4+]02-Mn Mn2 -2x-26Mnx + 26T1x 4-6 

for a stoichiometrie sample, and 

for an oxygen deficient sample. 

(7.4) 

(7.5) 

Formulas (7.4) and (7.5) show that we introduce Mn~+ -ions in the lattice. The 

Mn~+ -concentration is expeeted to be higher in an oxygen deficient sample than in a 

stoichiometrie sample. 

Two of the prepared samples were annealed under special conditions. 

One Mn304 sample (x = 0-&) was annealed in order to stimulate crystal growth. It 

was wrapped in platinum, put in an evacuated small quartz ampoule-tubing, and was 

slowly moved through a temperature gradient at high temperature below the melting 

point and eooled under stoichiometrie conditions. 

One Ti-doped Mn304 sample (x = O.OO3-r) was annealed in a reducing atmosphere 
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under argon gas-flow (5N) at 1375 K, and cooled undet steady argon atmosphere, 

still a reducing condition. 

Experimental measuring procedure and a.na.1.ysis of the data 

Of each sample, 3 to 4 thin slices were mounted in the earlier described apparatus 

(see § 2.6), and tan-8 was measured as a function of temperature, 170 K < T < 570 K, 

and frequency (60 Hz < W < 300 kHz). With exception of the sample x = O-a, one to 

two relaxation peaks were found. 

We use the Debye formula for dielectric relaxation [DEB 29] and measure the 

quotient of f" and f'. 

tan 6 11/ 1 ( fS - f..,)wr 
(7.6) = f f = 2 2 

, 
ES + E..,' W T 

where 6 is the angle of relaxation loss, 

ES is the statie dielectric constant, 

E.., is the dielectric constant for frequencies WT) 1, 

W is the angular frequency, and 

T is the relaxation time. 

The relaxation time of the dipoles varies exponentially with temperature as 

T 

where TO 

E, 

= 1"0 exp(E,lkT) , 

is a pre-exponential factor, and 

is the activation energy. 

(7.7) 

At different temperatures, tanó is measured as a function of w. The frequency where 

tan5 has a maximum is called Wm. Since in the maximum of tanó, T' Wm is constant, 

T' wm = (fsl f..,)6 , wm also varies exponentially with temperature. 

= Wo exp (-E,/kT) , (7.8) 

where Wo is a pre-exponential factor. 

Therefore, E, can be determined through determining Wm at various temperatures. 

An example of a graph of In (wmax) = f (l/T) is shown in figure 7.11. 
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Figure 7.11 

~~--~--~4----L---~---L--~6· 

10 3fT IK-!) 

Frequencies of tant5max as a. function of reciprocal 
temperature for the specimen Tio.01Mn2.9904; 
the roman numbers correspond to the two separa.te 
relaxation processes 
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For most of the samples two different relaxation maxima in the tant5 - frequency plot 

in the temperature range from 70 to 350 K are obtained. This means that there are 

two different relaxation mechanisms. The annealed Mn30, sample without Ti-dope 

(x O-a) must have a vanishing number of defects. 

El/U is calculated with the least squares method from the graphs of 

In (wmax) = f (lfT) and listed in table 7.5. together with Wo and tant5max• the value 
of tanó in the maximum of the relaxation peak corrected for de conduct ion. The 

correction has been done by plotting the losses on an In(tanó)-versus-lfT-scale and 

extrapolating the conductivity losses towards lower temperatures. 

Rela.xa.tion mechanism I 

The first activation energy &. is found for all Ti-doped samples as well as one 

undoped sample x = O. It is therefore not brought in connection with the Ti-ion 

directly. 
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Table 7.5. Data of relaxation effects in textured crystals of Tix MnS_xÛ4 

x & [eV] 

fault range ±0.01 

0 
O-a 
0.0004 
0.003 
0.003-r 
0.01 
0.02 

0-80: 
0.003-r: 

0.29 
-

0.29 
0.29 
0.29 
0.28 
0.28 

x= 0, 
x = 0.003, 

wOl tan6maxl &1 [eV] Won 
[101OHz1 [10-3] [1010Hz] 

±O.5 ±0.5 ±0.01 ±0.5 

2 9 - -
- - - -

0.8 16 - -
3 4 0.41 3 
4.5 4.5 0.42 6 
2 5.5 0.41 3 
2 18 0.43 6 

annealed under stoichiometrie conditions, 
annealed under reducing atmosphere. 

tan6max2 
[10-3] 

±0.5 

-
-
-
5 
5 
5.5 

10 

The influence of the reducing annealing (r) is small, but evident for the sample 

x = 0.003-r. It is th us conc1uded that re1axation (I) is connected to Mn~+ - Mn:+ 

dipoles, although Mn3+ - Mn 4+ dipole relaxation cannot he excluded. 

The results of the first relaxation process can he compared with the outcomes of 

Crevecoeur and de Wit [CRE 68], who have measured the dielectric relaxation in Li

doped MnO (LixMn!+Mn~!2XO~-). An activation energy of 0.29 eV was measured, 

which was attributed to the hopping of a Mn3+ -ion around a Li-centre (movement of 
au Mn3+ _Mn2+ dipole bound to a Li+ -ion). The a.ctivation energy is needed for the 

removal of the Jahn-Te11er distortion of the oxygen octahedron, in which the Mn3+

ion is localized. The situation in the Ti-doped or reduced MnSÛ4 is comparabie. The 

difference is that an electron is exchauged in Mna04' in stead of a hole in 

LixMnl_xû2, for both exchanges the same activation energy is needed. 

Relaxation mechanism n 
The origin ofthe second relaxation mechanism (En = 0.42 eV) is directly ascribed to 

the implauted Ti. The peak height, tan6max is an indication of the strength of the 

relaxation process. An increase of tauómax is found with increa.sing Ti-content. The 

assessed activation energy is therefore ascribed to a bound negative charge carrier 

rotating around a Ti-centre (again movement of an electron). 

A Maxwell-Wagner relaxation mechanism can be excluded, hecause no layered 
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structure was detected in two of the four samples exhibiting the relaxations. Another 
argument against the Maxwell-Wagner relaxation is the fact that no influence has 
been observed of the thicknesses of the different samples on the relaxation. 

The pre-exponential factor Wo (listed in table 7.5.) is smaller in all cases than the 
expected 1013 Hz, the frequency of the lattice vibrations. This was also reported by 

Van Houten and Bosman [HOU 64], who give two possible explanation~: One is the 

influence of an entropy factor, which is incorporated in the pre-exponential factor. 

The other is the fact that the jump probability is not only a function of the lattice 

frequency, but also of the overlap integrals of the ions. 

The two determined activation energies (I and II) are derived for bound charge 

carriers. The energy to free a charge carrier from the cent re will be larger. Since 

usually the activation energy for the mobility in the lattice is of about the same 

magnitude, (this was for example measured in MnO [CRE 70]), both activation 

energies add up to the activation energy for the conductivity, as experimentally 

determined to Eo ~ 0.5 ... 0.6 eV [SLO 70], [BRA 83/9]. 

7.8 Conclusions concerning the Co-Mn mixed series 

We have been able to fabricate a number of single phase samples from the mixed 

series. In the series, cubic and tetragonally distorted phases are present. Electrical 

data are not drastically influenced by this structural transition from one composition 

to another. Conductivity data may reveal some reflection of this transition (fig. 7.5). 

We are able to establish a concept for the explanation of the Seebeck-coefficient 

data, which is based on the concept worked out for C030 4• Since we always measure 

a positive Seebeck coefficient at T > 350 K in the mixed series, we propose 
disproportionation into Co 4+ and Mn2+ for small Mn-content and disproportionation 

into Co2+ and Mn 4+ for small Co-content, where the positive charge carriers are 

dominant. An integral scheme for electronic level positions can be found assuming 

the shifting of electronic levels of Co and Mn relative to one another, see fig. 7.8. 

This shift is indicated by the decrease of the distance Mn-acceptor-Ievel -

Co-transport-Ievel for 0.2 :::; x :::; 0.5, as listed in table 7.5., and indicated by the 
shift of of electron intensity peaks in the XPS spectra. Literature information as weIl 

as our interpretation point to the direction that we have a charge disproportionation 

reaction in Mn304 at higher temperatures, as in C030 4. 
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The hopping activation energy of a bound negative charge carrier around an Mn3+

ion is 0.3 eV, as found by dielectric-relaxation measurements. In case the negative 

charge carrier is hopping around a more pronounced cent re (TiH ), the activation 
energy is higher, 0.4 eV. 
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Summary 

Physico-Chemical Investigations on CO-Mn-Oxide Spinels 

This thesis deals with some chara.cteristics of Co-Mn-oxide spinels. These crystals 

are built up out of three sublattices, one containing only oxygen ions, while the other 

two sublattices contain the metals cobalt (Co) and/or manganese (Mn). In industry 

these materials have a possible application as catalysts for oxidation reactions. 

The investigations described here focus on the processes of electronic transitions and 

on the charge transport mechanisms. In these materials either intrinsic charge 
carriers or extrinsic charge carriers are present. The latter are introduced by incorpo

rating dope ions in the crystals. Either titanium (Ti) or lithium (Li) has been used as 

dopant element. 

The Co-Mn -oxide spinels have been prepared by ceramie methods through sintering. 

By meanS of optical microscopy and x-ray diffra.ction, single-phase samples have 

been select ed. Thermogravimetrie measurements were performed with seIf-built 

measuring equipment to determine the oxygen content. Furthermore, the Seebeck 

coefficient (S), conductivity (0'), and thermal expansion have been determined as a 

function of temperature. Also x-ray photo-emission (XPS) spectra have been 
recorded. For the S- and O'-measurements an automated experiment al arrangement 

has been built. 

The thermal expansion coeffident of Co30 4-spinels increases significantly above 

750 K. Such a behaviour is not observed in other oxidic materiais. This anomalous 
characteristic of Co30 4-spinels CaD be explained fIom electronic transitions which 

cause a change in the radii of the metal ions. 
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Three processes have been considered: 

1. A low-spin to high-spin transition of the triva.lent Co-ion on octahedra.l (B-) 

sites, without charge transfer. This reaction can be written as : Co1II+ ----+ Co:+, 

where the Roman superscript refers to the low-spin state, whereas the Arabic 

superscript refers to the high-spin state. 

2. An electron exchange between two Co-ions in the octahedral sublattice, named 

disproportionation. This reaction can he formulated as follows : 
2 CoÜII+ ----+ Coi+ + Co:+. 

3. An electron exchange hetween two Co-ions, one on tetra.edra.l (A-) sites and the 

other on octahedra.l sites; thus Co~+ + CoÜII+ ----+ CoX+ + Coi+. 

It is evident that processes 2 and 3 create charge carriers, whilst process 1 does not. 

The thermal expansion has been ana.lyzed using each of the three models seperately. 

This yie1ds va.lues for the degree of occupation and the relevant activation energies. 

Both these parameters have been determined as a function of temperature. 

For the interpretation of the Seebeck-coefficient measurements on undoped COS04 in 
the temperature range 200 - 1100 K, it was assumed that only intrinsic charge 
carriers contribute to the charge transport. Impurity conduction is considered negligi

bIe. Charge transitions can then onIy take place through processes 2 or 3. The acti
vation energy for the formation of an electron-hole pair corresponds to the difference 

bet ween the e1ectron- and hole-transport levels. This energy differenee has been 

determined in the whole temperature range. For the determination of this energy 

gap, the Seebeck-coefficient measurements have been used at temperatures above 

900 K with the assumption that hole transport is the dominating conduct ion 
mechanism. Below 900 K this energy difference was determined via the Seebeck 

coefficient in combination with the therma.l expansion. It was found that the energy 

gap decreases significantly at higher temperatures and that its decrease is propor

tiona.l to the therma.l expansion. 

A comparison between the activation energies derived from therma.l expansion and 

the energy difference bet ween the electron-, respectively the hole-transport level 

leads to the eonc1usion that process 1 must be the cause of the anoma.lous expansion. 

Support for the occurrenee of proeess 1 ean be gained through eva.luation of therm0-

dynamie properties for the reaction 3 CoO + ! O2 ----+ Coa0 4 obtained from thermo

gravimetrie mea.surements, and by an ana.lysis of literature data regarding the 
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temperature dependence of the magnetic susceptibility of CosO ... 

Since charge carriers are also created, processes 2 and/or 3 will also take place to 
some extent. XPS measurements indicate that process 2, the disproportionation of 

charge of ions on octahedral sites, is the most likely. 

Next to experiments on C030 .. , similar measurements were performed on the 

MnxCos_xO..-series, with 0 < x ~ 3. For the interpretation of S-measurements on 

undoped MnaO .. a charge disproportionation reaction of ions on octahedral sites is 

proposed, in analogy with C030 4 : 2 Mn:+ - Mn~+ + Mn:+. 
In the mixed series, electronic levels appear to shift relative to each other, depending 

on the composition. The number of electronic processes which take place is larger 

than in C030 4 due to the fact that various metal ions are present in the same sub
lattice. However, all the transitions take place bet ween ions on octahedral sites. 
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Samenvatting 

Fysisch-chemische onderzoekingen aan Co-Mn-oxide spinellen 

Dit proefschrift behandelt een aantal eigenschappen van Co-Mn-oxide spinellen. Dit 

type kristallen bevat één subrooster dat enkel uit zuurstof ionen bestaat, terwijl in de 

twee andere subroosters de plaatsen zijn ingenomen door de metalen cobalt (Co) en 

lof mangaan (Mn). Deze materialen zijn in de industrie van belang als oxidatie 

katalysatoren. 

In het hier beschreven onderzoek staat de vraag centraal op welke wijze electronische 

overgangen gebeuren en op welke manier ladingstransport plaatsvindt. In deze 

materialen kunnen zowel intrinsieke ladingsdragers als door dotering ingebrachte 

(extrinsieke) ladingsdragers aanwezig zijn. Als doteringselementen werden titanium 

(Ti) en lithium (Li) gebruikt. De spinellen werden op keramische wijze bereid door 

middel van sinteren. Met behulp van optische microscopie en Röntgendiffractie 

werden de monsters geselecteerd op éénfasigheid. Om de zuurstof stoichiometrie te 

onderzoeken werden thermogravimetrische metingen gedaan, waarvoor een opstelling 

werd gebouwd. Vervolgens werden de Seebeck coëfficiënt (8), het geleidingsvermogen 

(0') en de uitzettingscoëfficiënt (a) gemeten als functie van de temperatuur (T). 
Verder zijn Röntgen foto-emissie spectra (XPS) opgenomen. Voor de metingen van S 

en 0' is een geautomatiseerde meetopstelling gebouwd. 

De uitzettingscoëfficiënt a van de CosOçspinellen neemt boven 750 K zeer sterk toe 

met toenemende temperatuur. Een dergelijk gedrag is bij andere oxidische materialen 

niet bekend. Dit is dus een uitzonderlijke eigenschap van de Co30 4-spinellen, die te 

verklaren valt door het optreden van electronische overgangen, welke een verandering 

van de ionenstraal tot gevolg hebben. 
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Hiervoor komen drie processen in aanmerking : 
1. Een lage-spinjhoge-spin overgang van het driewaardige Co-ion op octaëder 

(B-)plaatsen, zonder ladingsoverdracht. Dit kan als volgt worden aangegeven : 

COJ1II+ -+ CO:+, waarbij het Romeinse superscript de lage-spin toestand 

beschrijft, en het Arabische superscript de hoge-spin toestand. 

2. Een ladingsoverdracht tussen twee Co-ionen in het octaëderrooster, genoemd 
disproportionering, C.q. 2 Co~II+ -+ C~+ + Co:+. 

3. Een ladingsoverdracht tussen twee Co-ionen, één in het tetraëder- (A-) en één in 

het octaëdersubrooster : C01+ + Co~II+ -+ Cof+ + Co~+. 
Het is duidelijk dat processen 2 en 3 ladingsdragers creëren, terwijl proces 1 dit niet 

doet. Voor elk model afzonderlijk worden waarden verkregen voor de bezettingsgraad 

in de aangeslagen toestand, en voor de aktiveringsenergie behorend bij die bepaalde 

overgang. Deze beide grootheden werden berekend voor verschillende temperaturen 

van 300 K tot 1100 K. 

Voor de interpretatie van Seebeck-coëfficiënt metingen aan ongedoteerd C030. in het 

temperatuurgebied van 200 tot 1100 K is verondersteld dat alleen intrinsieke ladings

dragers bijdragen tot het ladingstransport. Geleiding door onzuiv('lrheden wordt 
geacht onbelangrijk te zijn. Ladingsdragercreatie kan niet anders pla~tsvinden dan 

door de bovengenoemde processen 2 of 3. De activeringsenergie voor het vormen van 

een electron-gat paar komt overeen met de afstand tussen het electronen- en 

gatentransportniveau. Dit energieverschil is over het hele temperatuurtraject 

bepaald. Voor het berekenen van deze afstand zijn boven de 900 K de Seebeck

coëfficiënt metingen gebruikt met de aanname dat gatengeleiding dominant is. 
Beneden de 900 K is het niveauverschil bepaald met behulp van zowel de Seebeck 

coëfficiënt als de thermische uitzetting. Het blijkt namelijk dat de afstand tussen het 

electronen- en gatentransportniveau sterk afneemt bij hoge temperatuur, en wel 
evenredig met de thermische uitzetting. 

Het wordt geconcludeerd uit de vergelijking van de activeringsenergieën voor de 

thermische uitzetting met het electronen-gaten niveauverschil dat proces 1 de 
oorzaak moet zijn voor de anomale uitzetting. 

Dat het proces 1 optreedt wordt tevens ondersteund door evaluatie van de thermo

dynamische grootheden voor de reactie 3 CoO + i O2 -+ C030., die volgen uit het 
thermogravimetrie onderzoek, en door middel van literatuurgegevens over het 

temperatuurverloop van de magnetische susceptibiliteit van C030 •. 
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Aangezien er ook ladingsdragers gecreëerd worden, zullen processen 2 of 3 ook nog in 

zekere mate optreden. XPS metingen suggereren dat proces 2, de disproportionering 

van de lading van de octaëdrisch omringde ionen, het meest waarschijnlijk is. 

Naast de experimenten met Coa0 4 zijn soortgelijke metingen gedaan aan de series 

MnxCo3_x0 4 met 0 < x ::;; 3. Voor de interpretatie van Seebeck-coëfficiënt metingen 

aan ongedoteerd Mn304 wordt een uitwisseling van lading op octaëderplaatsen 

voorgesteld, in analogie met de disproportioneringsreactie in Coa0 4• Hier dus : 

2 Mn:+ -+ Mni+ + Mn:+. 

In de mengreeks blijken de electronische niveaus ten opzichte van elkaar te 

verschuiven in afhankelijkheid van samenstelling. Het aantal electronische processen 

wat plaatsvindt is groter dan in zuiver Coa0 4 vanwege het feit dat verschillende 

metaalionen in hetzelfde subrooster aanwezig zijn. De electrische overgangen blijven 

echter beperkt tot uitwisselingen tussen ionen op octaëderplaatsen. 
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Stellingen 

behorende bij het proefschrift van Dagmar Broemme 



1. Bij de doorO'Brian en Parravano aangegeven kristallografische mismatch 

tussen COS04 en CoO wordt ten onrechte uitgegaan van de waarden van de 

roosterparameters bij kamertemperatuur. 

H.M. O'Brian, jr. en G. Parravano, Reactivity of Solids, Ed.: G.M. Schwab, 

Elsevier Amsterdam (1965) 256. 

2. Het is mogelijk om het spinel CU1.5Mn1.504±1i te maken door eerst te. sinteren in 

het hoge-temperatuur-fasegebied van credneriet CuMn02, gevolg~ door een 

thermisch nabehandelingsproces in het spinelgebied. 

3. Bij dynamische susceptibiliteitsexperimenten aan hoge Tc supergeleiders identi

ficeert men de temperatuur waarbij de uit-fase component maximaal is veelal 

met de irreversibiliteitstemperatuur. Voor die identificatie is het niet voldoende 

om de frequentieafhankelijkheid van deze temperatuur aan te tonen. Er moet 

tevens afhankelijkheid van de amplitude van het wisselveld bestaan .. 

4. De experimentele waarneming van stapvormige veranderingen in de magnetisatie 

van ijzer-(Fe)-houdende verdunde magnetische halfgeleiders (DMS) zou een 

bijdrage kunnen leveren aan het inzicht omtrent de sterkte, dracht en oorsprong 
van de Fe2+ _Fe2+ interactie in deze materialen. 

5. Bij de beschrijving van de resultaten van hun poeder-susceptibiliteitsmetingen 

aan het ferromagnetische ketensysteem (CsHuNHa)CuCla in termen van magnon 
gebonden toestanden gaan Haines en Drumheller ten onrechte voorbij aan het 

feit dat de betreffende theorie slechts is afgeleid voor één zeer specifieke 

oriëntatie van het aangelegde magneetveld. 

D.N. Haines en J.E. Drumheller, Phys. Rev. Lett. 58 (1987) 2702. 

6. Het verdient aanbeveling om bij het publiceren van resultaten, afgeleid uit de 

positie van resonantielijnen in NMR spectra van magnetische metallische multi

lagen, aan te geven of er voor 'enhancement' correcties zijn uitgevoerd. 

b.v.: C. Cesari et alii, J.M.M.M. 78 (1989) 296. 



7. Door middel van ladingsinjectie kan experimenteel onderzocht worden of in 

polyvinylideenfluoride (PVDF) het model van dipool-oriëntatie (geformuleerd 

door Broadhurst en Davis) dan wel het model van ladingsinvangst (geformuleerd 

door Eisenmenger en Haardt) de werkelijkheid beter beschrijft. 

M.G. Broadhurst en G.T. Davis, Ferroelectrics 32 (1981) 177 

M. Womes, E. Bihler en W. Eisenmenger, Proc. of the 6th Int. Symposium on 

Electrets, Eds: D.K. Das Gupta and A.W. Pattullo, IEEE 1988. 

8. Het Sartriaanse begrip 'mauvaise foi' ('kwade trouw'), zoals geanalyseerd door 

De Beauvoir, werkt verhelderend bij de analyse van motieven, die fysici han

teren bij controversieel onderzoek. 

S. de Beauvoir, Pour une morale d'ambiguité, Paris 1947; Ned. Vert.: Voor een 

dubbelzinnige moraal, Utrecht 1958. 

9. Er is geen 'gezond voedsel'. Er dient altijd rekening gehouden te worden met het 

individu en de omgevingsfactoren bij de beoordeling in hoeverre het voedsel 

gezond is voor de persoon in kwestie. 

10. Bij de opvoeding van dieren is - anders dan bij de opvoeding van kinderen 

consequent handelen het belangrijkste. 

11. Aangezien Suriname al vele jaren onafhankelijk is, horen berichten over dit land 

niet op de Bi1lIlen1and pagina van het NRC Handelsblad. 

12. Indien de etymologische betekenis van fysica meer aandacht zou krijgen in de 

natuurkunde-opleiding, zouden de campagnes om meer meisjes voor de studie te 

werven, veel succesvoller zijn. 

Eindhoven, 24 april 1990 




