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CHAPTER I 

INTRODUCTION 

1.1. General 

In transition roetal oxides the electrical conduction is much less 

completely understood than in the "classical" semiconductors such as 

silicon and germanium. This is mainly due to the fact that generally 

the band model does not give a good description of the properties of 

these compounds. 

Among the 3d-metal oxides ferrites which crystallize in the 

spinel structure form a group of materials with great technological 

importance, especially as magnetic materials with a variety of special 

properties, 

Partly because of these properties magnetite (Fe
3
o

4
) has received 

much attention both from theoreticians and experimentalists. On the 

other hand, magnetite is interesting because of the fact that this 

compound displays the so-called Verwey transition. This transition, 

which occurs at about 120 K, is characterized by remarkable changes 

of several physical properties. Among these we note a jump in the 

conductivity by a factor 102 (cf. figure 1.1), changes in the thermo

electric and magnetic properties and a change of the crystal structure. 

Titanomagnetite is the common name of any merober of the solid 

solution series between magnetite and ulvÖspinel (Fe2Ti04 ). The 

general formula may he written as Fe3_xTixo4 with 0 .:5: x o; I. For 

years, mainly geophysicists have investigated this series. This may be 

ascribed to the fact that these substances are the most abundant ore 

components responsible for the magnetic properties of igneous rocks [1]. 

Consequently, knowledge of their physical properties may contribute 

to a better understanding of earth magnetism. However, also as a 

mixed series derived from magnetite it can give more insight in the 

complex conduction mechanism of magnetite and related ferrites. 

Another interesting aspect of the substitution of titanium sterns from 

the use of titanium as an addition in commercially applied ferrites to 

combine a high magnetic permeability with a low conductivity and there

fore low losses [2]. 

Before we will give an outline of the investigation presented in 
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Fig. 1.1. The conductivity of magnetite as function of the inverse 

temperature. Tv denotes the temperature at which the Verwey 

transition occurs. 

this thesis, we will first consider tbe crystallographic structure of 

titanomagnetite, since most of tbe properties of any compound with the 

spinel structure are closely related to this particular structure. 

1.2. The crystal structure 

The structure of titanomagnetite is identical to tbat of the mineral 

"spinel" (MgA1 2o4). It can be considered as a cubic close-packing of 

the anions (f.c.c.). Between the anions there are two types of 

interstices. One type is surrounded by four anions, together forming 

a tetrahedron. The other is surrounded by six anions, forming an 

octahedron. The unit cell contains 32 anions with 64 tetrabedral and 

32 octabedral interstices. Of these 8 tetrabedral and 16 octahedral 

interstices, which are called A and B-sites, respectively, are occupied 

by cations. The unitcellof the spinel structure is shown in figure 1.2. 
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The general formula of compounds with this structure is usually written 

as Me[Me
2
]x

4 
where Me stands for a cation and x·for an anion, and hence 

the unit cell contains 8 forroula units. The elements within the brackets 

denote the cations which occupy the B-sites. In this notatien roagnetite 

roay be written as: 

indicating that on A-sites only ferric ions are present whereas the 

B-sites are occupied by an equal aroount of ferrous and ferric ions. 

The ionic distribution in the mixed series will be discussed in 

chapter IV. Except for below the Verwey transition, the 

(I) 

syroroetry of the mixed series is cubic with space group Fd3m. The 

structure of the low temperature phase of roagnetite is still the subject 

of a number of investigations, which will be discussed in chapter III. 

unit cell 

a-cel! 

0 A ion 

8 B ion 

~ 0 ion 

b-ceU 

Fig. 1.2. Unitcellof the spinel structure containing four a-cells 

and four b-cells. 
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1.3. The present investigation 

As a consequence of the Verwey transition one may distinguish two 

distinct conduction regions in magnetite, viz. above and below Tv 

(cf. figure 1.1). It appears that in doped magnetite the transition 

becomes more diffuse with increas number of substituted ions [3]. 

If the number of substituted titanium ions exceeds the value of 0.1 

per formula unit, the transition is suppressed completely (cf. chap

ter IV). The conduction in the series Fe
3 

Ti o
4 

for x> 0.1 appears -x x -
to be closely related to the behaviour of magnetite above Tv. The 

electrical conduction ~n magnetite below Tv shows a different be

haviour. Consequently the conduction in magnetite in the low tem

perature phase requires a separate investigation. 

In this thesis the behaviour of magnetite both below and above 

T is discussed. The conduction above T is considered in relation 
V V 

to the behaviour of the mixed series Fe
3

_xTixo4 for x~ 0.1. 

Chapter II is devoted to the experimental procedures. The prepa

ration of the single crystals will be described and a survey will be 

given of the experimental apparatus. 

Chapter III deals with the conduction in magnetite below the 

Verwey transition. It starts with a review of some theories proposed 

to explain the conduction in magnetite. Next, we will present the 

measurements of thermoelectric power and conductivity and we will 

propose a model which may explain the experimental data. The results 

are discussed in the light of existing theories. Finally some optical 

measurements are presented. 

Chapter IV contains the measurements on the mixed series. After 

a review of the literature on titanomagnetite we will propose a 

suitable model Hamiltonian. Referring to a number of existing theories 

the implications of this Hamiltonian are outlined. On the basis of 

these considerations the measurements of thermoelectric power and 

conductivity are discussed. Finally we give our conclusions and some 

additional remarks. 

Chapter V contains the general conclusions. 
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eRAFTER II 

EXPERTMENTAL METHODS 

2.1. Preparation 

All the measurements on Fe3_xTix04 reported in this thesis were 

performed on single crystals. As starting material for the pre

paration of these crystals we used Fe2o3 and Ti0 2 (Merck p.a.). 

The mixtures of these compounds were prefired in air two times: 

4 h at 900 °e and 4 h at 1000 °e. After each firing the material was 

hallmilled for about an hour to obtain an optimal homogeneity of the 

mixture. From this material rectangular bars were pressed at a 

pressure of about 20 atm. These bars were sintered during 24 h in air 

at 1200 °C to obtain a suitable onset of the chemical reaction. Next 

a reducing gas mixture consisting of 8% H
2 

and 92% N
2 

was led through 

the furnace during about 48 h. The total amount of this gas mixture 

was chosen as to get a metal to oxygen ratio of about 3/4. From these 

sintered blocks, bars with dimensions of about 100 x 5 x 5 mm were 

Fig. 2.1. Sahematic view of the arc-image furnace used in the floating 

zone technique. X denotes a xenon lamp. Z denotes the point 

where the poZycrystaZZine bar and the seed crystal are meZted 

together. 
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«-oxide 

+ orthorhombic oxide 

Ti/Fe+Ti 

Fig. 2.2. Phases present in the system iron-titanium-oxygen at 1200 

as a funetion of the Ti/(Fe + Ti) moZar ratio and the oxygen 

pa:PtiaZ pressure aecording to Webster and Bright [3]. The 

dotted Zine denotes the anneaZing eonditions as used the 

present series of sarrrp Zes. 

cut. From these bars single crystals were grown by a floating zone 

technique using an arc-image furnace as previously described by 

Kooy and Gouwenberg [1] and Brabers [2]. Figure 2.1 shows a schematic 

view of the apparatus. As a radiation souree we used a xenon lamp 

(Philips, type CSX 2500), denoted by X. The radiation of this lamp is 

focussed in the point Z by means of two elliptical mirrors. In this 

focus a seed crystal is melted toa sintered bar. The <110> direction 

of the seed crystal is vertically aligned with the sintered bar. This 

assembly is slowly driven downwarcis through the focus Z which results 

in growth of the seed crystal. By using a silica tube as indicated in 

figure 2.1 the melting can be performed in an inert gas. In this way 

we were able ta obtain cylindrical single crystals with a diameter of 
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about 5 mm and a lengthup to several centimeters. By means of Laue 

diffraction the axial direction of these crystals was found to 

deviate less than a few degrees from the <110> direction in most 

cases. In the single crystals rather large thermal stresses are always 

present due to the considerable thermal gradient during the growing

process. To reduce these stresses and to obtain a well defined 

oxygen-metal ratio, the crystals were annealed during about 70 h 

at 1200 °e in a controlled atmosphere. The partial oxygen pressures, 

which were employed, were determined from the Fe-Ti-0 phase diagram 

which is given for 1200 °e by Webster and Bright [3] (cf. figure 2,2). 

For a certain composition the oxygen pressures were chosen corres

ponding to the dotted line in figure 2.2. For all compositions of 

Table 2.1. Annealing aonditions at 1200 °e for the samples used in 

the present investigation. H2!N2 denotea a gas mixture 

of 8 % n2 and 92 % N2. H20 (t 0 eJ denotes vapour of 

water at t 0 e. 

10 r 1 mixtures x logLP
02 

(atm)J gas 

0 -7.4 85% eo2 - 15% H2/N2 

0. I -7.4 85% eo
2 

- 15% HzlN2 

0.2 -7.6 82% eo2 - 18% H2/N2 

0.3 -7.9 76% eo2 - 24% H
2

/N
2 

0.4 -8.3 68% eo2 - 32% HzlN2 

0.5 -8.6 60% co2 - 40% Hz'N2 

0.6 -9.3 40% co
2 

- 60% H
2

/N
2 

0.7 -9.8 30% co
2 

- 70% Hz'N2 

0.8 -10.5 20% co
2 

- 80% Hz'N2 

0.9 -11.3 Hz'Nz - H
2
o (50 °C) 

1.0 -12.2 H2/N2 - H20 (30 °C) 
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Fe
3 

Ti 0
4 

which were prepared, the gas mixtures are given in table -x x 
2.1. During cooling toroom temperature these gas mixtures were 

changed in such a way that the partial oxygen pressures as function 

of the inverse temperature could be represented by a straight line 

parallel to the Fe3o4-Fe0 phase boundary (cf. figure 3.2). Such a 

procedure was also proposed by Smiltens [4] to obtain stoichiometrie 

magnetite crystals. In the specimens obtained in this way no phase 

segregation was observed, neither with X-ray nor with microscopie 

investigations. Chemical analysis of the specimens revealed a molar 

ratio of titanium and iron which was equal to the ratio, which might 

be from the initial mixtures, within ~ 2%. The observed 

deviations may possibly be attributed to small concentratien gradients 

caused by the zone-melting process. 

2.2. Experimental apparatus 

2.2.1. Introduct~àn 

Most of the experimental work described in this thesis involves 

measurements of thermoelectric power and electrical conductivity. 

To obtain data in a wide range of temperatures two different experi~ 

mental set ups were used covering the temperature region from 77 K to 

about 400 K and the region from room temperature to about 1000 K, 

respectively. Experimental details of the conductivity and therma

power measurements are presented in section 2.2.2 and 2.2.3, re

spectively. Furthermore some optica! measurements were performed. 

The experimental arrangement for these measurements will be described 

insection 2.2.4. 

In various set ups use is made of a temperature control unit, 

designed by A. Kemper. In 2.3 a schematic view of the unit is 

given. The object to be controlled generally consists of a cylindri

cal block of copper or aluminium oxide. This block is entwirred with 

heating wire and a thermocouple>is firmly attached to it. The thermo

voltage is amplified 1000 times and then compared with an adjustable 

reference voltage. A current source, connected with the heating wire, 

is activated -via proportional and integrating action- only when the 

input voltage is negative, corresponding to temperatures of the block 

15 



block with 
healing wire 

Fig. 2.3. Schematic diagram of the temperature controZ unit. Pand I 

denote controZlers with proportional and integrating aation, 

respeati ve ly. 

lower than the desired value. The time needed to stabilize the tem

perature at a certain value depends, apart from the amount of 

PI-action, on the degree of heat leak and on the maximum power of the 

available current source. Therefore this time differs for every 

arrangement and typical values will be given in the discussion of the 

apparatus in question. 

2.2.2. EZectriaal aonduativity measurements 

The low-temperature apparatus which was employed in four-contact 

conductivity measurements is shown in figure 2.4. The thermocoax heat

ing wire of the temperature control unit is wound around a copper pot, 

which is connected with the inner cryostat via three copper rods. 

The sample is suspended inside the pot by means of the current wires. 

The four electrical contacts were ultrasonically soldered with indium 

on the surface of the crystal. The pot is closed with.a capper flange 

sealed with an indium 0-ring. The temperature of the sample is measured 

with a chromel-alumel thermocouple which is mounted inside the pot. 

This thermocouple was calibrated against a platinum resistance ther

mometer (Degussa, type W60/l), which was mounted in the same way 

as the samples. The calibration data were fitted with a polynomial 

of tenth order to facilitate numerical analysis of the measurements. 
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With the aid of the temperature control unit described in section 

2.2.1 it was possible to stabilize a temperature within 0.1 K, in 

about five minutes after a new setting. 

Th~ conductivity at a certain temperature was generally determined 

from about five measurements of current and voltage by means of two 

digital multimeters, one of which was replaced by a digital electro

meter when the sample resistance was above J06
Q. The resistance was 

obtained from a linear least squares fit. The accuracy of the deter

mination of the conductivity is estimated as 0.1 percent. The error 

in the temperature measurement is caused mainly by the maximum 

deviation of the platinum resistance thermometer which was less than 

0.4 K. 

rhe conductivity measurements at high temperatures were performed 

in a temperature controlled furnace and are basically identical to 

the measurements at low temperatures. The sample is isolated from 

the air by means of a quartz tube to enable the use of special 

atmospheres. rhe four centacts were made with platinum paste Qohnson 

and Hatthey, type N758) and use is made of platinum wires. 

INg. 2. 4. Schematic view of the pot system of the equipment for 

conductivity measurements at Zow temperatures. 
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2.2.3. ThermoelectPic pOWeP measuPements 

The apparatus for measuring the Seebeck-coefficient in the low

temperature region is shown in figure 2.5. The sample is sealed with 

Stycast 2850Gr between two copper sockets. The soekets can be fixed 

into two copper blocks, which are entwined with thermocoax heating 

wire. ~he upper block is connected with the inner cryostat via a 

copper rod. The temperature of these blocks can be controlled inde

pendently by means of two separate control units. \Hth the aid of 

this arrangement it is possible to vary the temperature difference 

between the blocks while keeping constant the average temperature. 

The time, needed for a steady temperature gradient after changing 

the setting drastically, amounts to an average of five minutes. When 

only the temperature difference ~is increased a steady gradient 

has been established within two minutes. 

The measurements were carried out using two copper-constantan 

18 
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Fig. 2. 5. 

The equipment foP 

thermoelectPic pOWeP 

measUPements at low 

tempePatUPes. 



thermocouples, which were ultrasonically soldered with indium on 

the surface of the crystal. In order to measure respectively the 

voltage of the two thermocouples and the voltage across the 

crystal both via capper and constantan the four thermocouple leads 

were switched by means of a number of low-thermovoltage Reed-relais. 

These measurements were carried out at about five different values 

of nT, all with the sameaverage temperature. From a linear least 

squares fit of the thermovoltage as a function of the temperature 

differ~nce the Seebeck-coefficient was obtained. In this way it was 

possible to eliminate spurious voltages in the circuit, which were 

almest inevitably present. The temperature differences were limited 

to about 3 K in the regions where the Seebeck-coefficient changed 

strongly with the temperature and to about 5 K in the regions where 

the changes were rather small. At these temperature differences no 

deviations from a straight line were observed within experimental 

error. 

To get some information about the validity of this procedure, we 

consider a series expansion of the voltages of the two cantacts 

Vh(T) and Vl(T) around the average temperature T
0

• Then 

Vh V + V(T +~8T) = 
I o 

Vl + V{T) + _2l(8T)(~VT)T + _8l(8T)2(()2V) + 418(8T)3({)3~)T + •.. (I) 
o o 

0 
()T2 T

0 
{)T 

0 

and equally for Vz = v2 + V(T
0
-!nT). Here v

1 
and v

2 
are spurious 

voltages which are assumed to be constant. The Seebeck coefficient 

is defined as: 

s = _ (av) 
\dT T 

0 

By subtracting Vh and Vz and by differentiating to AT one finds: 

- S(To)- lcnr)2(a2s) + ••• 
8 3T2 T 

0 

The second term on the right hand side of this equation gives an 

estimate of the maximum possible error if S(T ) is determined from 
0 

the slope of the straight line which is fitted through the data 

(2) 

(3) 

points Vh-Vl as function of AT. As an example we consider magnetite 
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below the Verwey transition (cf. figure 3,3 and figure 3.6). In this 

temperature region the thermoelectric power shows a maximum secend 

derivative of about 0.5 ~V/K3 . Since the largest temperature 

differences which were applied amounted to ~ 3 K, the second term 

on the right hand side of equation (3) is at most 0.5 ~V/K, which 

is less than the scatter in the experimental data. The overall 

uncertainty in the thermoelectric power measurements is about 2 ~V/K 

in the region where the absolute value of the thermoelectric power 

does Pot exceed 200 uV/K. In the case of larger values the error is 

estimated to be ~ 2%. 

Data obtained in the above described way represent the thermo

electric power against capper or constantan. The absolute Seebeck

coefficient of the crystal can be obtained by adding the absolute 

Seebeck-coefficient of capper [5) or constantan, respectively. 

High-temperature thermoelectric power measurements were carried out 

in a temperature controlled furnace as shown in figure 2.6. The sample 

is isolated from the air by means of an alumina tube to enable the 

use of special atmospheres. A temperature gradient can be established 

by means of two alumina blocks, entwirred with heating wire (PtRh 10%), 

between which the sample is clamped. During the measurements the 

temperature of the furnace was fixed at about 100 to 150 K below the 

average temperature of the crystal. This provided for the amount of 

heat leak necessary for an optimal operatien of the temperature 

control unit. The time needed for stabilization of the sample temper

ature after changing the temperature of the furnace amounts to an 

gas outlet 

t 

t 
gas inlet 

furnace 

control 
thermocouple 

healing wire 

Fig. 2.6. The equipment for thermoeleatric power measurements 

above room temperature. 
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average of 15 minutes. After 3 minutes a steady gradient has been 

established when only the temperature difference between the blocks 

is changed. The measurements were carried out with two Pt-PtRh 10% 

thermocouples, which were attached to the sample by means of platinum 

paste (Johnson and Matthey, type N758). The measuring procedure was 

the same as in the low-temperature region with the exception that in 

this high temperature apparatus it was also possible to establish a 

negative temperature gradient. The error in these measurements is 

estimated to be of the same magnitude as in the low temperature region. 

The results obtained in this way were corrected for the absolute 

thermopower of platinum (6] cq. platinum-rhodium 10%. 

2.2.4. Optical meaaurementa 

Optica! absorption measurements were performed in a Beekman IR 4250 

spectrofotometer in the wavelength region of 4000-200 cm-l. The 

measurements were carried out by means of the KBr-pellet technique. 

For this purpose pellets with a thickness of I mm (0 13 mm) were 

pressed from a mixture of KBr and an amount of ferrite powder to 

get an effective thickness of about J-2 vm of the ferrite. The sample 

was mounted in a cryostat to enable temperature dependent measurements. 

To avoid errors due to thermal radiation, the light was chopped befare 

incidence upon the sample. 
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CHAPTER lil 

CONDUCTION IN MAGNETITE BELOW THE VERWEY TRANSITION 

3.1. Introduetion 

To explain the Verwey transition in magnetite tagether with the 

concurrent anomalous behaviour of the conduction, various theories 

have been proposed; these will be reviewed briefly in section 3.2. 

To decide which of the theories gives the best description of the 

actual physical phenomena in magnetite, a critical comparison with 

experiment is necessary. However, the experimental investigations 

on magnetite are far from conclusive. The abundance of data reported 

in the literature reflects the complexity of magnetite from an 

experimental point of view. A considerable part of these investigations 

concerns the structure determination by means of X-ray and neutron 

diffraction experiments in the low temperature phase (for references 

see section 3.2.). A number of articles describes the transport 

phenomena as electrical conductivity, Hall-effect and thermoelectric 

power. Insection 3.3.1 these experiments will be briefly reviewed. 

In section 3.3.2 and 3.3.3 we will present our results of thermopower 

and conductivity measurements and propose a model for the interpre

tatien of these data. The discussion of the results within the frame

work of this model is contained in section 3.3.4 and a comparison is 

made with the existing theories. The relevant optical investigations 

which have been reported in the literature are reviewed in section 

3.4.1, while section 3.4.2 deals with our measurements of the optical 

absorption of magnetite. The final section of this chapter contains 

some conclusions concerning the electrical conduction in magnetite. 

3.2. Existing theories on magnetite 

Verwey [I] was the first who gave a satisfactory explanation of the 

transition in magnetite occurring at about 120 K which is since known 

as the Verwey transition. Regarding the electron distribution in 

magnetite, given by formula 1.1, he proposed that the high conductivity 

above the transition temperature. (T ) is due to rapid electron transfer 
V 
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between ferric and ferrous ions on B-sites invalving dynamic disorder 

of the electrons. The transition should be connected with an ordering 

of the electrous on octahedral sites. The ordering scheme proposed by 

Verwey consists of ferrous and ferric ions lying in alternate {OOI} 

planes in mutually perpendicular rows and has orthorhombic symmetry. 

Electron ordering by this scheme generally is called Verwey ordering. 

However, over the last few years several experimental results have 

indicated that this simple scheme of charge ordering should be modified. 

Evidence of a more complicated structure was found in neutron [2] and 

electron [3] diffraction, MÖssbauer [4], NMR [5) and magnetic dis

accomodation [6] experiments. Recent neutron [7) and X-ray [8) dif

fraction investigations indicate that the symmetry is monoclinic. 

The distortion, however, appears to be nearly rhombohedral. The neutron 

diffraction results suggest alternate layers of Fe3+ ions in the ab 

plane, but a substantial disagreement remains between the observed 

magnetic intensities and simple model calculations. Therefore a 

different type of charge ordering is still possible. 

A pseudo one electron energy level scheme for magnetite is proposed 

by Camphausen et al. (9] (cf. figure 3.1). In this scheme all d levels 

are located between the oxygen Zp and the iron 4s bands. The lower 

five of the ten 3d levels are separated from the upper five by an 

l.s(Fel 

3d(Fe l 

A s!le [5] 

2p(Ql 

B- site [11] 

Fig. 3.1. 

One electron energy 

level scheme for 

magnetite at room 

temperature accord

ing to Camphausen 

et al. [9]. 
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exchange energy of about 2.0-2.6 eV. The B-site levels are splitted 

further by the cubic crystal field into two e levels and three 
g 

t 2g levels, the latter having the lowest energies. Finally, due to 

a small trigonal field, one of these t
2

g levels is lowered with respect 

to the other two by an amount of about 0.1 eV. Asthere are two B-site 

ions per formula unit, contributing eleven d electrons, each level 

absorbs two electrous and the five spin up levels are completely 

filled. The eleventh electron occupies the lowest spin down level. 

Consequently this level is half filled and it involves the mixed 

valency states on B-sites and essentially determines the behaviour 

of the electrical conduction in magnetite. 

A first attempt to calculate the conductivity exactly was made 

by Haubenreisser [10]. Hetried to explain the behaviour above T 
V 

on the basis of a small polaron model with the assumption that the 

conduction can be regarcled as a result of uncorrelated single electron 

hops. Although this model prediets a maximum in the conductivity, 

there remain several serieus differences with the experimental results. 

A qualitative model for the conduction below Tv has been given by 

Tannhauser [11]. He starts from electrous which are localized due to 

polaren effects and describes a possible hopping scheme for these 

charge carriers in the ordered phase. 

Rosencwaig [12] proposed a Zener double exchange model. For a 

perfect lattice this theory leads to a band state while in an imperfect 

and non-stoichiometrie lattice the electrens will be pair-localized. 

The crystallographic distortien below T is essential in establishing 
V 

the ordered state. On the basis of this model some features of the 

conductivity and of the MÖssbauer spectra are explained. 

Cullen and Callen [13] suggested that the Verwey transition and 

the electrical conduction behaviour could be explained on the basis 

of a Hamiltonian in which the most important part is the inter-site 

electron Coulomb repulsion: 

H h E + + l E u 
<i,j> ei cj 2 ifj ij ni nj. 

The indices i and j denote B-sites; the c+ and c (p i,j) are the 
p p 

creation and annihilation operators of an electron at site p; h is 

the resonance integral between Wannier states on nearest neighbour 

sites and the brackets denote that the summatien is only over 
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nearest neighbour sites. U .. is the Coulomb repulsion integral of 
~J 

two electrens at site i and j, respectively. The n are the occu
p 

pation number operators n = c+ c . Within the Hartree approximation 
p p p 

this Hamiltonian yields a half filled band above which is assumed 

to be responsible for the metallic conductivity in this temperature 

region. Below T the electrens order to lower their correlation 
V 

energy thus creating a periadie potential which sustains the order. 

The ordered unit cell is twice the metallic cell and below the 

band is split in two sub-bands. At T = 0 the lower sub-band is filled 

completely while the upper is empty, yielding a semiconducting 

behaviour. The energy gap is proportional to the product of an order 

parameter and a combination of the Coulomb integrals U ..• 
l-J 

Somewhat after the appearence of the first paper by Gullen and 

Gallen Chakraverty [14) also suggested a Hamiltonian, in which the 

nearest neighbour electron repulsion is the most important inter

action, to explain the conduction in magnetite. Ris calculations 

yielded a band state above T while below T a localized electron 
V V 

picture seemed to be appropriate. In a later paper Chakraverty and 

Camphausen [15] suggested that in the low temperature phase band 

tailing occurs as in amorphous semiconductors with an overlap of the 

states in the middle of the gap and hence, no real gap in the density 

of states should exist below Tv. At all temperatures the charge 

carriers should hebave like small polarons. 

In a series of papersLorenzand Ihle [16,17] investigated various 

physical properties of magnetite among which the electrical conduc-

tivity [ 17] . These investigations were based u pon the Gullen and 

Gallen Hamiltonian which was treated in the limit UI >> h, UI being 

the nearest neighbour Coulomb integral. The limit implies that the 

theory starts from essentially localized electrons. Verwey ordering 

appeared to be the most stable electron configuration at low 

temperatures. The calculations were carried out using the Green

function equation of motion method. The decoupling of the chain of 

equations, which arise from the equation of motion, was performed 

beyoud the Hartree approximation, taking into account explicitely 

the correlation between nearest neighbours. The conductivity cal

culations were based upon the Kubo formula. A fairly good agreement 

with the experimental data was found for the parameter values 

u1 = 0.11 eV and u2 = 0.004 eV, where u
1 

and u
2 

are the nearest and 
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next nearest neighbour Coulomb repulsion integrals, respectively. 

Recently, Klinger [18] suggested a polaren model in which also 

the intersite Coulomb repulsion of the electrens is considered as 

the driving force in establishing the Verwey transition. Charge 

carriers are supposed to be localized by polaronic effects and 

therefore conduction takes place by hopping. Below Tv the electrans 

should be condensed in a charge ordered state with an electron 

distribution corresponding to some superlattice structure (called 

P-crystal). Charge carriers either are created by thermal excitations 

of electrous to higher energy levels or are due to the presence of 

impurities. In this paper no exactly calculated results are given, 

only some estimates of the order of magnitude of the various para

meters. 

Buchenau [19] developed a model in which the electrans are local

ized in Fe-Fe bonds. Above Tv these honds are randomly distributed 

over pairs of iron ions. Below Tv the honds are ordered along specific 

crystallographic directions, yielding a band narrowed by polaronic 

effects. Consequently, the mobility will be band-like (decreasing 

with increasing temperature). 

Finally we mention a model by Chakraverty [20] which differs 

considerably from his work considered above. The transition should 

have its crigin in a collective Jahn-Teller distartion and the 

electron-electron correlations should play an insignificant role 

as far as charge localization is concerned. The implications of this 

model for the conduction behaviour have not yet been worked out. 

3.3. ThermoeZectric power and conductivity 

3.3.1. Introduetion 

Measurements of the electrical properties of pure and substituted 

magnetite have been reported for both crystalline and ceramic samples. 

The conductivity has been measured from below 4 K to above the Curie 

temperature of 858 K. Verwey and Haayman [1] found a shift of the 

transition to lower temperatures and a gradual decrease of the jump 

for increasing oxygen content. It appears that in absence of external 

enforcement crystallites are formed in the low temperature phase along 
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each of the six possible cube edges (twinning) because of symmetry 

changes at Tv' By application of a magnetic field during cooling 

through Tv it was possible to remave part of the twinning and an 

anisotropy in the conductivity could be detected [21,22]. Drabbie 

et al.[23] reported that the impurity contentand non-stoichiometry 

appeared to have little effect on the low temperature conductivity. 

The Hall-effect in magnetite at room temperature was initially 

reported by Lavine [24]. He found a normal behaviour of the Hall

voltage as function of the applied magnetic field and the ordinary 

Hall-coefficient he derived appeared to be negative. In the same 

artiele the thermoelectric power was reported for the temperature 

range from 50 to 450 °C. These data indicate just as well a negative 

sign of the charge carriers. Siemons [25] performed Hall-effect 

measurements in the temperature range 65-373 K. The Hall-voltage was 

found to be positive over the whole temperature range and showed a 

jump at Tv. Measurements of the thermoelectric power at room temper

ature and at liquid nitrogen temperature yielded in both cases a 

value of -57 ~V/K. The Hall-effect measurements of Kostopoulos and 

Theodossiou [26] showed a normal dependenee of the Hall-voltage on 

the applied magnetic field above Tv with a negative ordinary Hall

coefficient. Below Tv they found a sign reversal of the Hall-voltage 

with increasing magnetic field. Apart from the results mentioned above 

the thermoelectric power of magnetite is reported by Constantin and 

Rosenberg (27]. They give a value of about -30 ~V/K above Tv and 

about +60 ~V/K below Tv. Griffiths et al, [28] and Whall et al. [29] 

publisbed only measurements above Tv. These latter results are in 

agreement with each other and corroborate the data of Lavine [24]. 

However, all the other measurements of Hall-effect and thermoelectric 

power show a substantial disagreement, especially below 

In our opinion the scatter of the data is caused by impurities and 

non-stoichiometry of the materials. To investigate this supposition 

we preferred to study the conduction by means of the Seebeck effect 

since interpretation of the Hall-effect in ferrimagnets is hampered 

by the alignment of the spins in an applied magnetic field giving rise 

to an increase of the internal field. The results of this study are 

presented in section 3.3.2 and section 3.3.3. 
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3.3.2. The influence of deviations from oxygen stoichiometry* 

In a first series of experiments six single crystals, denoted by 

A toF, were prepared according to the procedure described in 

section 2.1. The only difference was the annealing atmosphere, The 

various partial oxygen pressures which were employed during 70 h 

annealing in co2-H2 mixtures are given in table 3.1. These values are 

plotted in figure 3.2 tagether with the available relevant data con

cerning the phase diagram of magnetite. As one would expect sample F 

showed a phase segregation, which was established to be FeO by means 

of X-ray diffraction. Therefore, this specimen will not be considered 

below. In the other specimens no phase segregation was observed 

neither by X-ray nor by microscopie investigations. Sample A was 

annealed very close to the phase boundary Fe
3
o

4
-Fe

2
o

3 
and contained 

an excess of oxygen equivalent to about 1% cation vacancies. The 

samples B to E were all very close to the stoichiometrie composition 

Table 3.1. The annealing aonditions at 1130 °C of the six magnetite 

single arystals tagether with the vaaanay aonaentrations y 

whiah result from the model calaulations outtined in 

Beation 3. 3. 3, 

Sample Annealing atmosphere Vacancy concentratien y 
10 log[P

02 
(atm)] 

A -4.2 

B -9.0 I .05 I0-3 

c -9.7 0.90 10-3 

D -9.9 o. 75 I0-3 

E -10.2 0.27 10-3 

F -10.7 FeO phase segregation 

* This sectien tagether with sectien 3.3.3 has been publisbed pre

viously in The Physical Review [30]. 
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Fig. 3.2. Part of the iron-oxygen phase diagram, showing the Fe3o4 
phase boundaries as reported by various investigators. 

0 Sahwerdtfeger and Mua:n [ 31] 

A Darken and Curry [32] 

o Phillips and Muan [33] 

-- Tretyakov [34] 

The blaak dots denote the annealing eonditions as used 

for the six magnetite single arystals. 

and no essential differences could be detected with chemical analysis. 

Sample E '\vas annealed very close to the Fe
3
o 

4 
-FeO phase boundary. The 

lattice parameters of the specimens were found to vary between 

a 8.393 R (sample A) and a= 8.398 R (sample E). 

In figure 3.3a the absolute thermopower of the five samples is plot

ted against temperature. The values above the Verwey transition are in 

good agreement with the data of Lavine [24], Whall et al. [29], and 
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Fig. 3.3. Absolute thermoeleotrio power versus temperature. 

(a) ExperimentaZ data of various magnetite single orystals. 

The Zines are only meant as a guide to the eye. Por the 

oharacterization of the samples A to E> see text. 

(b) Calculated values aocording to the model outlined ~n 

seotion 3.3.3 using expression (12) for ~ /~ and with p n 
2ó ~ 0.106 eV and óq ~ 0.009 eV. y denotes the vaoancy 

concentration per formula unit. 

Griffiths et al. [28]. Only a small difference was found between the 

oxidized sample A and the other samples, which indicates that above 

the transition temperature the thermoelectric properties are hardly 

influenced by the oxygen stoichiometry. In the ordered state, howev'er, 

the influence of the stoichiometry is remarkable. The oxidized sample A 

shows a negatively increasing Seebeck coefficient. For the more 

stoichiometrie samples B to E, the negative increase is larger, but 

at lower temperature the Seebeck coefficient decreases again and 

becomes even positive which suggests the preserree of positive charge 

carriers. 
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In order to explain these data we will assume that an energy gap 

exists in the ordered state which is supposed to be created at Tv. 

For this moment the crigin of this gap will be left unspecified; 

either it may be due to a splitting of a band as in the Cullen and 

Callen model or it may be the energy differences between states which 

are localized in Fe2
+ and Fe3+ rows, respectively, as in the case of 

ionic order. Both below and above this gap the electronic states are 

assumed to have the same energy and hence only two relevant energy 

levels are involved. With this model the behaviour of the thermopower 

of the stoichiometrie samples B to E can be explained, as will be shown 

101 ---· sample A 
B 
E 

,...., 
I 
I 
I • I 
I 
\ 
I 
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I 
I 
I 
I 
I 
I 
I 
\ 

\ 

\ 
\ 

\ 

' ' ' 

ló2 '\. 

' ' ' ' 

L ·~. 
3 -:-,----;!s,.----,s~-j----i---~g----.Jo!;----o~' 

100 0 1T U(1J 

Fig. 3.4. Electrical conductivity of the samples A) BandE, 

Above Tv the data of the samples B to E coincide within 

experimental error. Below Tv the data of the samples C 

and D lie between the data of the samples B and E. 
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below. The thermopower of the most oxidized sample A is not correctly 

predicted by this model: oxidation introduces Fe3+-ions, which implies 

that the Seebeck coefficient should become positive. However in ad

dition to the excessof Fe3+-ions, an equivalent number of octahedral 

cation vacancies must be present which are defects in the regular rows 

of iron ions. From the work of Constantin [27) it can be seen that a 

concentratien of impurities of about 1% changes the nature of the charge 

carriers below the transition from p to n. This might be related to the 

interference of the relatively large number of impurities with the 

ordering phenomenon. The large number of vacancies in specimen A may 

have the same influence upon the crystallographic order and therma

power as ionic impurities. This view is supported by the electrical 

conductivity data which have been plotted in figure 3.4 as a function 

of the inverse temperature. The transition temperature of the stoi

chiometrie specimens B to E is the same for all: 122 K. For the non

stoichiometrie compound a temperature of 116 K was found. Moreover, 

the transition in this sample was diffuse compared with the other 

samples, where the jump in the conductivity occurred in a region of 

0.5 K. 

The excess of oxygen in the specimens B to E is very small, within 

the experimental error of wet chemical analysis (~ 0,1%), and the 

number of vacancies will not affect the ordering. The thermoelectric 

power data may be explained on the basis of the model mentioned above, 

which will be outlined in the next section. 

3.3.3. Theo~y 

It is assumed that at the Verwey transition half the number of 

electron states on octahedral sites is separated from the other half 

by an amount of energy 26. Regarding the general formula for magnetite 

(i. I) this implies that in a stoichiometrie specimen at T 0 the 

states below the gap are completely filled, while the states above 

the gap are empty. Charge carriers either are created by excitations 

of electrens across the gap at T 1 0 or are introduced by impurities 

and oxygen non-stoichiometry. If the zero of the energy scale is 

chosen in the middle of the gap, the two energy levels are situated 

at +6 and -6. This level scheme is sketched in figure 3.5. The 
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Fig. 3.5. Proposed energy level scheme 
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n1 P•N1- n1 

Fe
3
. V 0

4 
in the ordered -y 'Y 

distribution of the electrens over the two kinds of states is given 

by Fermi-Dirac statistics: 

I + exp[(-~-EF)/kT] 

N 
0 

(Za) 

(Zb) 

In these equations n 1 and n2 are the numbers of electrens per unit 

volume below and above the energy gap, respectively, N
0 

is the number 

of available sites in each level which equals half the number of 

available actabedral sites. In stoichiometrie magnetite N
0 

= N, 

where N is the number of formula units per unit volume. The number 

of negative charge carriers n equals while the number of positive 

charge carriers is given by p = N
0
-n

1
. If we denote the total number 

of electrans by nt (yielding for stoichiometrie magnetite 

the Fermi energy can be calculated from the number equation: 

= N), 

(3) 

To relate these parameters to the excess of oxygen o in non

stoichiometrie magnetite the vacancy concentratien y is introduced 

as a measure of the degree of oxidation. This choice is more real-
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istic in view of the fact that the spinel lattice is essentially 

built up from the anions. Then, x formula units Fe
3
o

4
+Ó can be 

written as x(J+ó/4) formula units Fe
3 

V 0
4

, with y = 3ó/(4+ó). -y y 
If, furthermore, the site preferenee of the vacancies for octahedral 

sites is taken into account [35], then, upon introducing the 

valencies of the ions, the general formula becomes: 

(4) 

The numbers of sites in the two levels is now given by N
0 

The total number of electrous nt satisfies: 

N(l-!f). 

N(l-3y). (5) 

The various parameters are summarized in figure 3.5. 

In the case of mixed conduction the Seebeck coefficient may be 

written as: 

s CJ + s CJ 

s n n p p 
a + a (6) 

n P 

where S and S are the Seebeck coefficients for n and p-type 
p n 

charge carriers, respectively, and a and a are the respective 
n P 

conductivities. \~en the conduction involves only one energy level 

for each type of charge carrier, denoted by En and EP for n and p

type, respectively, Sn and SP are given by: 

s 
n 

s 
p 

En - EF 

eT 

where -e is the electron charge, With 

and 
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The Seebeck coefficient in our model may be written as: 

s 
-n(~-EF) + p(~+EF)xw Iw 

- p n 
------n~+--p-x~ /~ 

p n 
(9) 

In expression (7) the terms due to transport of kinetic energy are 

omitted. This may be justified by the fact that in narrow bands these 

terms are generally expected to be small and probably zero in the 

case of hopping conduction [36]. 

In these equations IJ and IJ are the mobilities of the p and n-type 
P n 

charge carriers, respecively. These mobilities may quite generally 

be written as: 

-q /kT 
W (T) e p , 
o,p (JOa) 

(lOb) 

where the activation energies q and q are not necessarily different 
p n 

from zero and IJ and IJ depend on T by some power law. The quo-o,p o,n 
tient IJ /IJ may be written as: p n 

f (T) e -~q/kT. (11) 

The Seebeck coefficient has been calculated for two limiting cases, 

viz.: 

and 

lln 

-llq/kT 
e 

= c 

where c is a constant of order unity. 

(12) 

( J 3) 

In the temperature range under consideration it has little effect 

on the calculation which of the two expressions (12) and (13) is used. 

A good agreement with experiment is obtained with 2ü ~ 0,10 to 0.11 eV 

and, using expression (12), üq ~ 0.01 eV or alternatively, using (13), 

c ~ 0.5. The resulting vacancy concentratien is in the order of magni

tude of 0.001 which is within the range expected from chemical analysis. 
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As a typical example the curves, which have been calculated from 

equation (9) using (2), (3), (5) and (12) with 2~ = 0.106 eV and 

~q = 0.009 eV, are plotted in figure 3.3b, Obviously, the jump in the 

thermopower at Tv is not found in the calculated curves, because, as 

stated, the gap disappears at the Verwey transition as a consequence 

of the disappearance of the ordering; the calculation holds only for 

the low temperature phase. 

Using the values of the parameters which have been determined from 

the Seebeck measurements, it appears that a thermally activated 

mobility with an activatien energy of 0.06 to 0.08 eV has to be 

assumed to explain the conductivity measurements. If the total 

conductivity 0 = ne~ + pe~ is calculated with these mobilities 
n P 

one finds logo versus 1/T curves which nearly coincide for various 

values of y in the temperature range 90 K < T < Tv and diverge 

slightly below 90 K; the conductivity shifts gradually to lower 

values with decreasing values of y. Because of the uncertainty 

in the experimental results it was not possible to verify these 

features rigorously, although the same tendency was found. However, 

the model certainly explains the small changes in the conductivity 

in comparison with the large variations of the thermopower as a 

function of the oxygen content. A more quantitative analysis of the 

conductivity within this model will be given in the next section. 

3.3.4. The influence of titanium substitution* 

Insection 3.3.2 it has been shown that deviations from oxygen 

stoichiometry will have a decisive influence whether p or n-type 

conduction is observed in the ordered state. To explain these 

results it was assurned that below the Verwey transition conduction 

takes place by charge transport in two energy levels which are 

separated by an energy gap of about 0.1 eV. This gap arises from 

the electron ordering. Within this proposed model it is also possible 

that a small amount of impurities, which produce a change of the 
2+; 3+ . '11 bl' f . f h . . Fe Fe rat~o, w~ esta ~sh a change o s~gn o t e maJor~ty 

* Part of this section has been presented on the Second International 

Conference on Ferrites, Paris 1976 [37]. 

36 



charge carriers. For that purpose a suitable substitution would be 

titanium since -substituted in magnetite- it has the valency 4+. 

Therefore, in order to check the model and to get more quantitative 

information about the different parameters involved we performed 

measurements of thermopower and conductivity on titanium doned 

single crystals of magnetite. 

Six samples of the composition Fe
3

_xTixo
4 

with x= 0, 10-4 , 4XI0-4 , 
-3 -3 -3 

10 , 3XI0 and 8X10 , respectively, were prepared from Fe
2
o

3 
and 

Ti0
2 

according to the procedure described in sectien 2.1. The specimens 

1 d f 70 h · · 1 of Io- 10atm. To were annea e or Ln a partLa oxygen pressure 

prevent the inclusion of undesirable impurities the iron(III) oxide 

which was used as starting material was prepared from electrolytical 

iron dissolved in HCl. From this salution iron(II)-oxalate was pre

cipitated by means of oxalic acid. By firing in the air the iron

oxalate decomposes into iron(III)-oxide. Regarding the impurities 

present in the electrolytical iron it is expected that the iron(III)

oxide prepared in this way has a purity of 99.9999% (6N) as far as 

metal ions are concerned. 

Since no precautions were taken to prevent twinning of the samples 

below Tv' all measurements in this temperature region were carried out 

on twinned specimens. 

In figure 3.6 the absolute thermoelectric power of the six samples 

is plotted against temperature. Expect for the specimen with x = sxJo-3 

the values of the Seebeck coefficient above the Verwey transition are 

equal within experimental error and are also in agreement with the 

results of section 3.3.2. At the Verwey transition a sharp decrease 

of the Seebeck coefficient occurs for all the specimens. In the ordered 

state the influence of titanium dope is very pronounced. When the 

temperature is lowered the specimens with x = 0 and x = 10-4 reveal 

a marked rise of the Seebeck coefficient reaching a value of about 

+250 ~V/Kat 70 K. This behaviour is analogous to that of the 

specimens described in sectien 3. 3. 2. I.Ji tb dec re as ing tem-perature 

the thermopower of the sample with x = 4XI increases until T = 85 K 

and then decreases. The specimens with x > 4XJ0-4 all show a sudden 

drop of the Seebeck coefficient below Tv with a value of about -500 llV/K 

at 70 K. 

In figure 3.8 the logarithm of the conductivity of the six samples 

is plotted versus reciprocal temperature. Except for the samples with 
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x = 3xJo-3 and x = SxJ0-3 the values above T are equal within experi
v 

mental error. Below T 
V 

the values of the conductivity slightly diverge 

with decreasing temperature, the conductivity of the specimen with 
-4 x = 4Xl0 being lowest. In contrast to the low temperature phase, 

where the conductivity of the samples with x 3xJo-3 and x SXJ0-3 

is larger than that of the four purest specimens, above Tv the con

ductivity of the two most impure samples is smaller compared to the 

other four. The transition temperature of the latter four is equal · 

within experimental error and amounts to 123.1 K. In the samnles with 
-3 -3 x= 3XIQ and x= Sxlo the transition takes place at 121.2 Kandat 

118.6 K, respectively. Qualitatively, these results are in agreement 

with the behaviour reported in the lirerature (1, 38). 

To explain these measurements on the basis of the model as out

lined in section 3.3.3 we will first consider the formula for non-
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calculated according to the model outlined in section 
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(a} y = 2xlo-4, 2~ = 0.134 eV, ~ /~ according to (12) 
p n 

with nq = 0.0070 eV; 
. -4 

(b) y = 4.7x&O , 2~ = 0.120 eV, ~p/~n according to (12) 

with ~q 0.0078 eV; 
-4 (c) y 4. 7x10 , 2~ 

with c = 0.47. 

0,120 eV, ~ /~ according to (13) 
p n 

stiochiometric magnetite doped with titanium. As titanium in titano

magnetite always has the valency 4+ and enters only octahedral sites 

(cf. section 4.2) Fe3_xTix0 4 with a vacancy concentratien y can be 

written as 

Fe3+ [Fe2+ Fe3+ V Tix4+} o2-
J-3y+ x 1+2y-2x y 4 ' 

( 14) 

The number of available sites in a level equals N(l-~y-!x). The 
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Fig. 3.8. Logarithm of the conductivity of Fe 7 Ti 04 versus 
v-X X 

reciprocaZ temperature. 

formulae (2), (3), (9), (12), and (13) are still valid for this case. 

The total number of electrous nt is given by: 

N(l-3y+x). (IS) 

As a consequence of the fact that the six samples considered in this 

section were annealed tagether in the same atmosphere we will assume 
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that the vacancy concentratien y is identical for these specimens, 

Within the model outlined above sign reversal of the Seebeck 

coefficient at T ~ 0 occurs if the total number of electrans exceeds 

the number of available sites in the lowest level i,e, when 

( 16) 

This yields a sign reversal at T = 0 when x equals . The fact that 

in the experimental data at low temperatures a sign reversal occurs 

between x = 10-4 and x = 4XI0-4 implies that within this model the 

possible values of y are restricted to 6xJQ-S < y < 2.4XI0-4 . We 

calculated the Seebeck coefficients for various values of y within 

this range from the equations (2), (3), (9), (IS) and (12). A typical 
-4 example with y ~ 2x10 , 2~ = 0.134 eV and ~q = 0.007 eV has been 

plotted in figure 3,7a. However, it appeared that for all specimens 
-4 -except for x 4X10 at low temperatures- a better agreement is 

-4 obtained with a value of y larger than 2.4xto , An example with 

"Z -1 

-------------- x-8x1ó
3 

Fig. 3.9. CaZcuZated vaZues of 10 log [(n + pxu /u )/N] with 
p n -4 

y 4. ?xlO • 

(13) with c = 
2~ = 0.120 eV and u /u acoo~ding to p n 
0.4?. x denotes the titanium concentration 

per formuZa unit. 
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-4 y ~ 4.7xJO , 26 ~ 0.120 eV and 6q = 0.0078 eV is shown in figure 3.7b. 

For comparison we have plotted in figure 3.7c the Seebeck coefficient 

calculated with the same values of the parameters 6 and y but using 

expression (13) insteadof (12) for ]J /1J with c = 0.47. It is 
p TI 

emphasized that the parametervalues which were used for these plots 

do nat necessarily give the best agreement; the plots are principally 

meant as an example. However, deviations from these values larger 

than about 10% appeared in all cases to deteriorate significantly 

the correspondence with the experimental results. 

Ta calculate the conductivity within the present model we write 

0 

The expression within the brackets can be calculated using only 

parameters which have been determined already from thermopower 

measurements. As an example the logarithm of this expression 

calculated with the parameter values of figure 3.7c is plotted in 

figure 3.9. By subtracting these calculated data from the experi

mental results presented in figure 3.8 we obtain the value of Ne]J 
n 

(17) 

In figure 3.10 we have plotted the resulting values of Ne]J which 
n -3 

were calculated from the data of the samples with x = 0 to x = 10 • 

An error bar denotes the range of values which are obtained from the 

set of conductivity data of these four samples at a certain temper

ature. The values of Ne]J calculated from the conductivity of the 
-3 n -3 

samples with x 3XI0 and x = Sxlo are slightly smaller; a 

possible explanation will be given in the next section. It can be 

seen from figure 3.10 that the mobility, deduced in the above 

described way, is thermally activated. The activation energy amounts 

to about 0.07 eV and the value of ]J at 120 K equals ~ 0.02 cm2/V.s. 
n 

For comparison the experimental results above T are also shown in 
V 

figure 3. 10. The line marked "o 
1 

" represents the conductivity ca c 
calculated from the plotted value of Ne]Jn in the case of intrinsic 

conduction wi th a gap wid th 26 = 0. 12 eV and a ratio ]J /1J = I. 
P n 

We think that in such an intrinsic conduction in 

can hardly be achieved. However, the curve may be useful for the 

comoarison of theoretica! model calculations of other investigators 

with our results [17]. 
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Fig. 3.10. Conauctivity versus reeiprocal temperature, The data 

points above denote the experimental results of 
-3 the samples with x = 0 to x = 10 . The error bars 

through the curve marked "Ne]J 11 repreeent the values 
n 

of Ne]J aalaulatea aaaording to formula (17) from 
n 

the expel'imental results of figure 3, 8 ana the 
• 

oalaulated results of figure 3,9 of the specimens 

with x= 0 to x 10-3. The straight line marked 

"cr l " represents the value of the aonduativity aa a 
aalaulatea with formula (Z?) using the drawn curve 

for Ne]J and with x 0, y = O, 1J /JJ = 1 and n p n 
26 = 0.120 eV. 
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3.3.5. Dis~ussion 

It has been shown that the essential features of the thermoelectric 

power and the conductivity of nearly stoichiometrie magnetite below 

the Verwey transition are predicted correctly by the model outlined 

in sectien 3.3.3. However, some aspectsneedan additional explanation. 

Particularly the Seebeck coefficient of the sample with x= 4xJo-4 

can not be explained within the proposed model. In our apinion the 

crigin of the ancrnaleus behaviour of this specimen can be found in 

the interaeticus of the charge carriers with the titanium ions and 

the vacancies. 

In sectien 4.3 it is argued that a Ti4+-ion will lower the 

energies of neighbouring sites. The implications of this lowering of 

site energies upon the electrical conduction may be described in two 

ways. One may regard the respective sites as electron·traps and 
'd h . . 2+ .4+ d consequently cons~ er t e comb~nat~on Fe -T~ as a onor. On the 

ether hand, in the case of hopping conduction, the of vart 

of the site energies may be considered to decrease the electron 

mobility, since an electron on such a site will need a larger 

activatien energy to make a transition to another site. If conduction 

takes place by hopping it is hard to discriminate between the two 

descriptions. This is also a common feature of conduction in dis

ordered systems (cf. sectien 4,4). However, the descriptions are 

equivalent in so far as both yield a diminishing of the conductivity 

f · ( ) ' f . 4+ . I o the n-type charge carr~ers an ~n preserree o T~ -~ons, n a 

similar way a vacancy, which is negatively charged relative to a 

-ion, will lower the conductivity of the p-type charge carriers 

(a ), since in this case the combination V-Fe3
+ act as an acceptor. 

p 
These temperature dependent variations of a and a due to the 

n p 
presence of titanium ions and vacancies may explain the anomalous 

Seebeck coefficient of the sample with x= 4xJo-4 • Since in this 

specimen a and a are almast equal, small variations in these 
n p 

quantities may easily lead to the observed behaviour (cf. equation (6)). 

It is expected that the model explains best the data just below Tv as 

the influence of impurities becomes smaller with increasing temper

ature. 

The decrease of an in preserree of titanium ions may also explain 

why the values of the conductivity of the two samples with the 
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largest titanium concentratien is somewhat lower than predicted by 

our model calculations. 

It appears that with one additional assumption concerning the influence 

of vacancies and titanium ions upon the transport properties, all the 

measurements on titanium-doped and non-stoichiometrie magnetite in 

low temperature phase may be explained within the proposed model. The 

model is based upon the assumption that below Tv an energy gap 

separates half of the electron energies from the other half. The 

measurements may be interpreted without the introduetion of a term 

invalving transport of kinetic energy. The absence of this term is 

in agreement with the theoretica! predictions for hopping conduction. 

In the model as well the states below as the states above the gap are 

assumed to have the same energy. It is not expected that the calculation 

will yield significantly different results if densities of states with 

a finite width are introduced, invalving an effective number of avail

able sites smaller than N
0

• Further, in the model calculations we did 

not explicitely take into account the donor and acceptor character of 

· 4+ d V F 3+ . . 1 H 1' d b T~ an - e pa~rs, respect~ve y. owever, as out ~ne a ove, 

qualitatively some aspects of the measurements may be explained from 

this donor-acceptor mechanism. The gap width, which may be deduced 

from the thermoelectric power measurements, amounts toabout 0.12 eV. 

Knowing the gap width the mobility of the n-type charge carriers can 

be deduced directly from the conductivity, It appears to be thermally 

activated with an activatien energy of about 0.07 eV and a value of 

0.02 cm2/V.s at 120 K. The ratio of the rnahilities ~ /~ appears to 
p n 

be about 0.5, whereas it is arbitrary whether u /u is given by 
p n 

formula (12) or by formula (13). The thermally activated behaviour 

of the mobility indicates that conduction takes place by phonon 

assisted tunneling (hopping). The origin of this hopping conduction 

may possibly be found in small polaren formation of the charge carriers. 

If the interpretation of the measurements as outlined above is correct 

then these results imply that several theoretica! explanations of the 

conduction in magnetite are to be discarded. In the first place the 

theories which do nat predict an energy gap and the related creation 

of charge carriers below Tv. The model of Rosencwaig [12] and the 

theory of Camphausen and Chakraverty [15] belong to this category. 
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Secondly the theories, which in the low temperature phase yield band 

conduction such as the Cullen and Callen model [13] and the theory of 

Buchenau [19]. In that case the of the charge carriers would 

be constant or only weakly depending on the temperature, which is in 

contradietien with our results. As for the theory of Chakraverty [20], 

which the Verwey transition on the basis of a Jahn-Teller 

distortion, it is hard to judge, because it is not clear how the 

conduction is explained within this model. 

Another striking result of our is the smooth join of the 

value of in the low temperature phase with the value of 0 above 

Tv (cf. figure 3. 10). If above Tv' where the gap has disappeared, all 

or nearly all tl1e electrans take part in the conduction, which implies 

that the number of charge carriers is about equal to N, it follows 

that the nature of the jump in the conductivity is a change of the 

number of charge carriers and not a change of the mobility. This 

should irnply that the origin of the thermally activated behaviour 

of the mobility above and below the Verwey transition is similar. 

In that case the activated behaviour above T would not be related 
V 

to the dynamic disorder of the electrons, as has been suggested by 

Klinger [18], since below Tv there is no disorder. It corroborates 

the idea that the origin of the activated behaviour may be found in 

polaren formation. 

3.4. me as uremen ts * 

3.4 . . Introduetion 

Insection 3.3 we have explained the results of thermopower and 

conductivity measurements below the Verwey transition by rneans of 

a sirnple model of therrnally activated conduction in two sets of 

energy states which are separated by an energy gap of about 0.12 eV. 

This gap should be created at the Verwey transition. Within the 

framewerk of this model one rnay expect below Tv a vanishing absorption 

for energies smaller than 0.12 eV. If the width of the density of 

* The work described in this section has been published previously 

in almost identical form in Physical Review Letters [39]. 
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states below and above the gap is extremely narrow one may exuect 

an absorption peak. For larger widths of the state distributions 

an absorption edge should be observed. As a consequence of the absence 

of the gap above Tv the absorption is not expected to vanish in this 

temperature region. 

Starting from the Gullen and Gallen Hamiltonian Lorenz and Ihle 

[17] also predicted an absorution peak at about 0.1 eV; passing 

through the Verwey transition the intensity of this peak should 

change. They claimed that this peak had been observed by Balberg and 

Pankove [40] at 0.16 eV. However, these authors thernselves attributed 

this absorption to the impurities of the natural crystal which was 

used in their experiment. Up till now no unarnbiguous evidence of such 

drastic changes expected from various models has been found. 

Unfortunately, most of reported spectra are restricted to either 

the speetral range above 0.15 eV [40, 41] or to the lattice vibrations 

well below 0.10 eV [42, 43]. The absorption spectrum in the appropriate 

range reported by Waldron [44] revealed at room temperature stronger 

absorption than at 80 K, but no evidence of a sudden change at Tv was 

found. Similar features were observed in the reflection spectra by 

Buchenau and MÜller [45] and Samokhvalov, Tutikov, and Skornyakov [46]; 

at the Verwey transition only small changes in the spectra occurred, 

larger changes took place at temperatures well above Tv and at energies 

significantly larger than 0.1 eV. In our apinion the absence of sub

stantial changes at Tv around the pboton energy 0.1 eV could be due 

to the impurity and non-stoichiornetry of the specimens which were used 

for the rneasurements (e.g. natural crystals), Therefore we investigated 

the optical absorption of very pure and Ti-substituted magnetite in 

the speetral range from 0.025 to 0.5 eV, 

3.4.2. Results and discussion 

Transmission rneasurements were performed on powdered single crystals 

of highly pure Fe3_xTixo4 with x= 0, 10-3 , 0,1 and 0.2 by means of 

the KBr-pellet technique (cf. section 2.2.4). The measurements were 

carried out between liquid nitrogen and room ternperature. The con

centration of absorbing material was about 0.8 mg/crn2 , which 

corresponds to an effective thickness of about 2 ~rn of the oxide. 
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.
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in the 

range of 2300 to 300 cm-I is plotted in figure 3.lla and 3.1Ib, 

respectively. The spectra of titanium-doped magnetite with x= 10-
3 

were nearly identical with those of pure magnetite, while the specimen 

with x= 0. I showed roughly the same behaviour as that with x 0.2. 

In bath pure and titanium-substituted magnetite two distinct phonon 

absorptions were observed at about 700 cm-I and 400 cm- 1. These phonon 

bands have also been reported by ether investigators [42,43,44]. Some 

details of the phonon spectrum in the low temperature phase of 

magnetite will be discussed below. 

In the low temperature phase of magnetite a strongly decreasing 

absarptien with decreasing photon energy is observed near 1000 cm-I 
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An almost identical behaviour is found in titanomagnetite in the whole 

temperature range. In order to show more clearly that in magnetite the 

change in the spectrum is really induced by the Verwey transition we 
-1 

recorded the transmission at 675 cm as a function of temperature. 

During this measurement a IQ ~m filter was used to prevent heating 

of the sample. The results are plotted in figure 3,12 from which it 

can be seen that the absorption shows an abrupt change near Tv. In 

the case of titanium-substituted magnetite with x= 0.1 and x= 0.2 

only gradually decreasing absorption was found when the temperature 

was lowered; in these compounds the jump in the electrical conductivity 

was absent (cf. chapter IV), indicating that the Verwey transition 

does not occur in these substances. 

The high absorption observed above 1000 cm 1 (0.12 eV) in magnetite 

qualitatively agrees with the reported measurements [40,41,45]. 

Actually, a varrishing absorption below Tv at 0.11 eV was predicted by 

Buchenau and MÜller [45] by means of extrapolation of their measure

ments at higher energies, but they did not establish the sudden dis

appearance of this varrishing absorption at Tv. 

It has been noted above that a high degree of similarity exists 

between the low-temperature spectra of pure and titanium substituted 

magnetite. A similar behaviour has also been observed on KBr-pellets 

_L_l_L_L LJ__L_L_J __j___j~!:=-..J__L__j 
150 200 250 

temperature (K} 

-1 Fig. 3.12. The reZative transmission versus temperature at 6?5 cm 

of Fe 3o4 and Fe 2, 8Ti 0, 2o4• 
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with powdered [47]. However, in this latter compound the gap 

width is known and amounts toabout 0.3 eV. The strongly decreasing 
-1 

absarptien at about 1000 cm has been ascribed in this case to 

the strongly wavelength dependent Rayleigh scattering of the incident 

light by the small particles of the powdered material. Such a 

scattering will become more pronounced as the conductivity of the 

particles at these optica! frequencies increases. This indicates 

that the change at Tv in our spectrum of magnetite is related to a 

sudden decrease of the optica! conductivity on cooling through 

Such a behaviour may simply be explained within the proposed model. 

However, it should also be expected from most of the other 

theories on • The creation of a gap at about 0.1 eV cannot 

be established from the present optica! experiments. Nevertheless 

the data clearly show that rather drastic changes of the 

properties occur at the Verwey transition. 

~n addition to the changes considered above we found a small splitting

up of the two high-tempersture phonon absarptien bands (570 cm-I and 

about 380 cm- 1) into five absorptions below T at 615 and 585, and 
V 

420, 405 and 375 cm-I, respectively. This effect was absent in 

titanium-substituted magnetite with x= 0.1 and x= 0,2 in which the 

Verwey transition does not occur. In figure 3.13 details of the 

infrared spectra at liquid nitrogen tempersture are given. An excessive 

splitting is not observed, which is not surprising given the small 

lattice distortions at the transition [7,8]. Nevertheless, the 

symmetry of the crystal is lowered, >vhich gives rise to breaking of 

the selection rules and, consequently, to an increasing number of 

infrared- and Raman-active modes. 

These results are in contradietien with the light-scattering 

experiments by Verble [48] by means of Raman spectroscopy. 

through the Verwey transition he observed no dramatic changes in 

the Raman spectra. Below Tv he found only line-broading of the phonon

bands. The absence of the pbonon-band splitting in the data of Verbie 

may be explained by the experimental conditions. Our infrared spectra 

were recorded on powdered single crystals i.e. on cleaved surfaces. 

Moreover, the measurements of the thermoelectric power and the con

ductivity indicate that the purity and stoichiometry of these crystals 

l.S good. Verble's data were obtained on mechanically oolished 
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Fig. 3.13. Details the spectrum of Fe 3o4 and Fe 2. 8Ti0 , 2o4 
at 77 K. The splitting of the bands is indieated 

by the arrows. 

single-crystal surfaces. The thickness of the distorted surface-layer 

may be in the order of the penetration-depth of the radiation used. 

Apart from this, he observed no differences between natural and 

synthetic single crystals. Usually, natural single crystals contain 

impurities up to one percent and sametimes even more; single 

crystals may be highly non-stoichiometrie. Both effects will have a 

large influence upon the low temperature phase of magnetite even at 

concentrations well below 1%. For this reason, we performed additional 

measurements of the infrared spectrum of titanium-doped 

with x~ 10-3 . Even at this small concentratien of 

fine structure was found to be less pronounced than in the case of 

the pure material. 

In conclusion we may say that the optical measurements presented 

above clearly reveal changes at Tv. The reason, that up till now 

rather poor evidence of such changes in the optica! spectrum was 

reported, may in our apinion for a large part be ascribed to the use 

of non-stoichiometrie and impure samples. The fact that in the 

ordered phase the conductivity at optica! frequencies is lower than 
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in the disordered phase should certainly be expected. The fine-struc

ture in the pbonon-spectrum below Tv is, to our knowledge, reported 

for the first time and is in accordance with the fact that the crystal 

symmetry is lowered on cooling through Tv. 

3.5. ConaZ.usions 

From the aforementioned results we may conclude that the non-

stoichiometry and the content in magnetite have a decisive 

influence whether p- or n-type conduction is observed in the ordered 

state. The controversy about the sign of the charge carriers, which 

is reported in literature, is not realistic and can be ascribed to 

differences in the which were used. 

The conduction measurements below the Verwey transition may be ex

plained satisfactorily, if in this low temperature region half of the 

electron states is separated from the other half by an energy gap of 

about 0.1 eV. In pure and stoichiometrie at T = 0 the states 

below the gap should be completely filled whereas the states above the 

gap should be empty. In such a model charge carriers are created by 

thermal excitations at T ~ 0 or by impurities and non-stoichiometry of 

the samples. At T ~ 0 a mixed conduction of p- and n-type charge 

carriers occurs. The mobility of both p- and n-type charge carriers 

deduced on the basis of this model is thermally activated with an 

activatien energy of about 0.07 eV and a value of about 0.02 cm2/V.s 

at 120 K. This may indicate that the conduction takes place via 

phonon-assisted tunneling (hopping). 

The optica! measurements reveal some changes at the Verwey 

transition which have not been reported before. Unfortunately, these 

measurements cannot be used to distinguish between the existing models. 
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CHAPTER IV 

CONDUCTION IN THE MIXED SERIES 

4.1. Introduetion 

In this chapter we will present the results of our investigations on 

titanomagnetite Fe3_xTixo4 (0 ~ x : I) • In sectien 4.2 a review will 

be given of the publisbed experimental and theoretica! data on this 

mixed series. In section 4.3 we will propose a Hamiltonian which, in 

our opinion, incorporates the most essential features of titanomagnetite. 

The relevant theories, which should apply starting from this Hamiltonian, 

are reviewed in sectien 4.4. In section 4.5 some calculations on the 

density of states are given. In sectien 4.6 we will present our results 

of thermoelectric power and conductivity measurements whereas sectien 

4.7 deals with some additional conductivity experiments. In the final 

section our conclusions are summarized and some results of other inves-

tigations are discussed in the light of the present work. 

4.2. PhysieaZ properties and cation distribution 

At T 0 all memhers of the titanomagnetite solid solution series 

Fe3_xTixo4 (0 : x ~ 1) appear to be magnetically ordered. The 

resulting net ferromagnetic moments vary between 4 ~B for magnetite 

(Fe3o4) and zero for ulvÖspinel (Fe2Ti04) [1,2]. The transition 

temperatures between the paramagnetic and the magnetically ordered 

state have been measured by Akimoto et al. [j] and are plotted in 

figure 4.1 as a function of the composition parameter x. The lattice 

parameter varies almest linearily with the composition parameter x 

between a 8.39 R for magnetite and a= 8,53 R for ulvÖspinel [1,3,4]. 

A major point of interest in any compound with the spinel structure 

is the valency of the cations and their distri.bution between tetrahe

clral (A) and octahedral (B) sites. Various physical properties like 

electrical conduction [3,5], magnetization [6,7,8], magnetostriction 

[9] and lattice constauts [10] should be affected by this ionic dis

tribution. 

It has been established by a number of investigators (7,11,12] that 
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Fig. 4.1. 

The magnetia transition 

temperatUl'e 

Fe 3-xTi :xP 4 

of x Akimoto et 

al. [1]). 

x 

titanium substituted in magnetite has always the valency 4+. Therefore 

stoichiometrie titanomagnetite can be written as: 

!+x 
(I) 

The distribution of the cations between tetrabedral and actabedral 

sites can be investigated with several techniques. Accurate magnetiza

tion measurements may give valuable information. Because of the 

relative of the exchange interactions one may expect the 

spins of A and B ions to be oriented oppositely below the magnetic 

trans1tion temperature. Herree at T 0 two saturated and oppositely 

magnetized sublattices will be present. In that case the net 

tion is the difference between the magnetization of the actabedral 

sublattice and that of the tetrabedral sublattice. 

Additional information about the distribution of the ions between 

the available sites can -in principle- he ohtained from X-ray dif

fraction. Unfortunately, the scattering power of ions for X-ray is 

determined mainly by the number of electrans in the ion. For this 

reason there is only a slight difference in the scattering power 

of the ions of the various 3d transition metal elements and thus 

X-ray diffraction will generally be of limited use. This problem 

may be solved by the use of neutron diffraction since for neutrons 
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the scattering power is partly determined by the magnetic moment of 

the nucleus of the atom, because of the interaction with the neutron 

spin. Generally the magnetic moment varies considerably for the 

different transition metal ions. 

Information about the distribution of certain cations can same

times also be obtained by means of other experiments, For example 
Z+ Verwey and de Boer [13] proposed magnetite to have all the Fe 

ions on B-sites purely on the basis of conductivity measurements. 

This arrangement has been confirmed by magnetization [6] and neu

tron diffraction [14] experiments, Therefore magnetite can be 

written as: 

(2) 

The distribution of Ti4+-ions between the two types of sites 

has been the subject of several investigations. Verwey and Heilmann 

[15] concluded from a series of X-ray experiments that Ti4+ has a 

strong preferenee for octahedral sites. Blasse [8] investigated 

1 . 1 . . 3+ d .4+ . severa sp~ne systems conta~n~ng Fe an T~ -~ons and found that 
· 4+ 1 . • [7] d . T~ a ways occup~es B-s~tes. Gorter reporte that ~n 
. . ( ) .4+ . 

N~ 1 +x Fe2_2x T~x o4 0 ~ x ~ 0.5 part of the T~ -~ons occupy 

A-sites, but this may be ascribed to special properties of the 

Ni2+-ion [7,8]. Magnetization and neutron diffraction experiments 

on a single crystal of _
05 

Ti
0

_
95 

o
4 

were performed by 

Ishikawa et al. [16]. They concluded that all the titanium ions 

occupy B-sites. Another neutron diffraction experiment is reported 

by Forster and Hall [17]. They found in a polycrystalline specimen 

of Fe2Ti04 8 percent of the titanium ions to occupy tetrabedral sites. 

In spite of this latter result usually the assumption is made that 

all titanium ions occupy octahedral sites. With this assumption the 

distribution of the cations in ulvÖspinel can be represented by: 

(3) 

and the other compositions of the mixed series, specified by the para

meter x, can be written as: 

(4) 
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Not-7, the problem is reduced to the dis tribution of 2-2x Fe 3+ -i ons and 

l+x Fe 2+-ions between I A-site and 2-x B-sites, It is noted that actu

ally this problem involves the distribution of l-x electrous between 
. f f F 2+ . f 1 two types of s~tes. I we denote the number o e -~ons per ormu a 

unit on A-sites by ~ then the general formula of titanomagnetite may 

be written as: 

[ Fe2+ Fe3+ Tix4+ ] o
4
2-

J-~ l+x-~ l-2x+~ 
(5) 

and thus the cation distribution may be specified by giving the value 

of E,. 

For the Fe2+ - Fe3+ distribution several roodels have been 

proposed. Akimoto [18] postulates an equal amount of Fe3+-ions 

on both types of sites over the whole range of x which implies 

E, x (cf. figure 4.2a). A second model is proposed by Néel [19] 

and by Chevallier et al. [20]. They take into account the preferenee 

of Fe
3

+ for tetrabedral sites which was experimentally found by 

Verwey and Heilmann [15]. The model is specified byE,= 0 for 

x~ 0.5 and E, 2x- I for 0.5 ~x~ I (cf. figure 4.2b). From 

saturation magnetization measurements on polycrystalline specimens 

at liquid nitrogen temperature O'Reilly and Banerjee [2) suggested 

A -sites 

B- sites 

Fig. 4. 2. The dis tribution of the eations in bet-ween 

A- and B-sites; 

(a) aaaording to Akimoto [18]; 

(b) to Néel [19] and ChevaUier et al. [20]. 

~ Ti 4+· .. ~ Fe 2+; D F 3+ e • 
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a distribution corresponding for 0 < x ~ 0.2 and for 0.8 < x < I 

with the model of Néel and Chevallier, whereas for 0.2 < x < 0.8 

the distribution is specified by Ç = x- 0.2. For compositions with 

x < 0.2 and x ~ 0.8 this implies a complete preferenee of Fe3
+ for 

tetrabedral sites whereas for intermediate values of x this prefer

enee is appreciably reduced. Their results are very similar to these 

of Akimoto et al, [!]. However, -in accordance with suggestions of 

Gorter [7]- Akimoto et al. explained the fact, that the experimental 

values were larger than the values expected from the Néel-Chevallier 

model, with the assumption that a small fraction of the titanium ions 

entered tetrabedral sites. 

Stephensen [5] and Bleil [21] suggested that the Fe2+ - Fe3+ 

distribution is a function of the temperature from which the sample 

is quenched. According to these authors, samples quenched from 

temperatures near the melting point would be disordered, as in 

Akimoto's model, while samples attaining equilibrium at low temper

atures would have a cation ctistribution corresponding to the model of 

Néel and Chevallier et al •• However, it has been argued already by 

Gorter [7] that freezing-in of electrens by queuehing should not be 

expected. This assumption has also been criticized by Jensen and 

Shive [22]. They argue on the basis of the theory of hopping conduc

tion that for such a trapping energy differences of 3-4 eV are needed. 

These values are at least in order of magnitude too large for tran

sition metal oxides with mixed valency states. 

It is noted that in spite of the rather drastic conclusions which 

have been drawn from saturation magnetization measurements, almost no 

results have been publisbed on the temperature dependenee of the 

saturation magnetization. Akimoto, Katsura and Yoshida [1] report the 

behaviour down to 80 K for three different compositions. They found 

that specimens with a titanium concentratien larger than x = 0.6 

showed a temperature dependenee of the magnetization as plotted in 

figure 4.3. Such a behaviour is commonly explained by assuming the 

temperature dependenee of the A and B sublattice magnetizations to 

be different [6]. In specimens with x< 0.6 they found a behaviour 

similar to that of Fe3o4 , which shows a normal temperature dependenee 

of the magnetization [23]. 

Most of the remaining experimental investigations reported on the 

mixed series are MÖssbauer measurements. Interpretation of these 
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Fig. 4.3. Magnetization as function of temperature forsome samples 

of the series Fe 3_xTix04 in a field of 8450 Oe (after 

Akimoto et al. [1]). 

measurements generally appears to be rather difficult, espec1ally 

in the case of high titanium concentrations [3,22,24]. This is 

usually attributed to the random distribution of the titanium ions 

on octahedral sites, giving rise to strongly varying fields on dif

ferent sites. For low titanium concentrations (x< 0.2) Jensen and 

Shive [22] reported three subspectra. One of these spectra would be 

caused by Fe3+-ions on tetrahedral sites. The second would result 
2+ 3+ . d . from equal amounts of Fe and Fe -1ons average by rap1d electron 

transfer and resulting in a mean ionization Fe2 · 5+. These two spectra 

were also found in pure magnetite [25]. The third subspectrum can be 

interpreted as being produced by ions having a mean ionization state 

f . 1 2 · 3+ h' . 1 . h o approx1mate y Fe T 1s spectrum 1s exp a1ned by the aut ars 

by assuming a clustering of Ti4+-ions in such a way that titanium 

rich material with a composition of roughly Fe2 .
5

TiO.S is formed. 

Ta their apinion this non-uniform distribution of titanium ions could 

originate from the sintering of the polycrystalline specimens. 

Finally we mention the conductivity experiments which have been 

reported by Stephensou [S] and by Banerjee et al. [3]. Stephensen 

claims that his measurements at room temperature on quenched single 

crystals can be resolved into conduction on tetrahedral sites for 

x > 0.4 and on octahedral sites for x < 0.3. Banerjee et al. conclude 
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that their measurements show tetrabedral hopping for x > 0.8. However, 

in our opinion the scatter in both the data of Stephensou and the data 

of Banerjee et al. is too large to justify these conclusions. 

4.3. The relevant interaations in titanomagnetite: a Hamiltonian 

On the basis of the available experimental data considered in the 

foregoing section it seems reasonable to assume that ri4+ in titano

magnetite enters only octahedral sites. Moreover, we do not expect 

that the treatment given below will have to be modified significantly 

if small amounts of Ti4+-ions occupy tetrabedral sites. Secondly, we 

will consider the distribution of Fe2
+ and Fe3+-ions between A and 

B-sites as an electron distribution, whereas it will be assumed that 

it is not possible to trap an electron on either site by quencning 

to room temperature. 

With these suppositions in mind we will discuss in some detail 

the energies and interactions which may be of importance in relation 

to the electron distribution and the electrical conduction in titano

magnetite. A Hamiltonian will be derived which -in our opinion- incor

porates the most essential interactions. 

Firstly we will consider magnetite in absence of the interelectron 

Coulomb interactions. The N "extra" electrens of the Fe2+-ions may be 

distributed between N A-sites having energies EA and 2N B-sites with 

energies EB. Since in magnetite all the electrans occupy B-sites (cf. 

formula (2)), EA has to be located above EB. The Hamiltonian descrihing 

these site energies is written in second quantization as: 

n. + 
1. 

(6) 

The indices i and ~ refer to B-sites and A-sites, respectively, The 

accupation number operators n (p = i,i) are defined by n = c+c , 
p p p p 

where c+ and c are the creation and annihilation operators acting p p 
on a Wannier state at site p. From the energy level scheme given by 

Camphausen et al. [26] it may he concluded that for temperatures 

above ~ 500 K excited states have to be taken into account. For 

reasons of simplicity this will not be clone explicitely, 
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Next we consider the interactions between the electrons. It is 

noted that the Coulomb repulsion between two electrous on the same 

site is generally assumed to be so large that in the temperature 

range of interest a site is never doubly occupied. This is in aceer

dance with the point of view that monovalent iron does not occur in 

these oxides. The Coulomb repulsion between electrous on different 

B-sites is probably very important. Various authors consider it as 

the driving force responsible for the Verwey transition in magnetite 

(cf. the review given in sectien 3.2). The term in the Hamiltonian 

descrihing these interaeticus is generally written as (cf. expression 

(3. I)): 

H 
c 

_!_ \ 
2 

L U .• 
• J.. l.J 
l.r) 

n •• 
J 

U •. 1.s the Coulomb integral: 
l.J 

u .. 
l.J 

2 
e 

41fE: 
0 

where ~(r-!i) describes the Wannier state at site i, 

(7) 

(8) 

In the tight binding model the motion of the electron is governed 

by the nearest neighbour resonance integral: 

I (9) 

where H(E) denotes the single electron Hamiltonian in spatial coor

dinates. This gives rise to a term in the Hamiltonian: 

H 
r 

(I 0) 

where p' is a nearest neighbour of p. In a rigid lattice electronic 

bands of width 2zi would be formed, z being the coordination number. 

Generally the resonance integral is expected to be small in transition 

metal oxides, which will be argued at the end of this section. For the 

moment we will assume that this approximation is also valid for tita

nomagnetite. In such a case the effect of the electron-pbonon inter

action will be important. The behaviour of the phonon subsystem may 

be described by: 

62 



I (IJ) 
g,s 

From the Hamiltonian descrihing the electron-pbonon interaction 

generally only the diagonal part is taken into consideration [27,28]: 

H e-ph 
\' \' h ( 1 ( ) ig • r b h ) ( 12) ~ np g:s wg,s /2Na YP g,s e -p g,s + .• c. • 

In these expressions w 
.9., s 

vector g and branch index s; 

is the frequency of the pbonon with '\vave-

b+ and b are the creation and 
g, s g, s 

annihilation operators of such a phonon; y (g,s) denotes the dimension
p 

less electron-pbonon coupling constant and Na is the number of atoms 

in the system. 

Now we have: 

H 
0 

H + 
e 

(13) 

Generally this Hamiltonian -without the term He forms the starting 

point of small polaren theory (28,29,30]. If the resonance integral 

I , in H is small, it is convenient to apply a canonical transfor-
PP r 

mation to H [27,28,29]. The transformed Hamiltonian may be written 
0 

as: 

H' 
0 

H' + Hph + H' + H'. e tr c 
( 14) 

H~ bas a form identical to with different site energies, The new 

site energies are lowered by an amount EP compared with EA and EB. 

E is the polaren binding energy which depends on the electron-pbonon 
p 

coupling constant yp. H~r descrihing the translational motion of the 

electron bas the form: 

H' tr (I 5) 

where ~pp' is an operator which depends on the electron-pbonon inter

' bas a form identical to He' but the energies U .. are in
~J 

act ion. 

creased by a small amount due to polaron-polaron attract1on. The 

changes of EA' EB and Uij will be taken into account implicitely. 

Lorenz and Ihle [31] calculated the electrical conductivity of mag-
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netite on the basis of the Hamiltonian [14] in the limit~ ,/U 1 ~ 0, pp 
Hhere u

1 
is the nearest neighbour Coulomb • Their results show 

a quite good agreement with experiment for u
1 

0.11 eV and the next

nearest neighbour Coulomb integral u
2 

= 0.004 eV. Their calculations 

suggest that the term represents the dominant interactions in 

relation to the conduction in magnetite. Klinger [32], who considers 

a Hamiltonian identical to (14), arrives at the same conclusion. 

As the final step in the derivation of the Hamiltonian the influence 

of the titanium ions in titanomagnetite has to be taken into account. 

If the lattice points that are occupied by a titanium ion are denoted 

by the index k (k = i
1

, •• ,iNx), the Hamiltonian descrihing the 

electron-titanium interaction may be written as: 

H 
e-t 

Nx 
E 

k=l 

N(2-x) 
I 

i= I 
i~k 

( 16) 

Wik denotes the interaction energy between an electron at site i and 

a titanium ion at site k. 

The Hamiltonian, which is supposed to a correct description 

of the behaviour of titanomagnetite, reads in final form: 

H H + H 
o e-t ' + Hph + H~r + H~ + (17) 

The data from the literature which may yield some information 

about the importance of the various terms in (17) may be sumrnarized 

as follows. 

Ihle and Lorenz [33] assume that the parameters W .. and U .• are 
1] 1] 

of opposite sign and equal in magnitude. This is clearly correct when 

only Coulomb forces between point charges are taken into account. Al

though also electron-pbonon interactions and crystal field effects 

may have some influence, one would expect this assumption to be 

largely correct. According to the calculations of Lorenz and Ihle (31] 

this would imply that the energy of a site next to a titanium ion is 

lowered by an amount of 0.11 eV with respect to EB. 

From an experimental point of view the lowering of the site 

near a Ti4+-ion is a well known phenomenon and is generally assumed to 

result ~n Fe2+-T~ 4+ . f . I h f 11 t't . L L pa1r- ormat1on, n t e case o sma 1 an1um 

concentrations such a pair may be considered as a donor. Stijntjes et 

al. [34] found a difference of about 0.1 eV between the activation 
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energies of the conductivity of Mn0 • 

They concluded that this difference had to be attributed to the dis

saciatien energy of a Fe2+-Ti4+pair. Knowles [35] also obtained a 

value of about 0.1 eV from magnetic disaccomodation experiments. From 

conductivity measurements on with a small number of FeZ+_ 
. . d . h . 1 b f · 4+ . b 1ons both w1th an w1t out an equ1va ent num er o TL -1ons Bra ers 

[36] concluded this dissociation energy to amount to ~ 0.03 eV. 

Next we will consider in some detail why the localized electron 

picture may possibly be a more suitable point for the des-

cription of the behaviour of 

model. 

than an itinerant electron 

At first it should be noted that even for a lattice the one 

electron band model will yield a small width of the 3d-

band for these oxides due to the fact that the 3d-ions are separated 

from each other by an anion. In a lattice this bandwith 

will be reduced even more due to polarisation of the lattice [37,38]. 

In such a case several mechanisms may be for the break-

down of the itinerant character of the electrons. The charge carriers 

may be held in localized states by their correlation energy due to 

the Coulomb repulsion between the electrens [39]. This will occur if 

the correlation energy in the localized state is more negative than 

the band energy in the delocalized state. It should be noted that in 

the mono-oxides(NiO, MnO, CaO) the electrans are assumed to be local

ized by this mechanism {cf. a recent review by Brandow [38]), whereas 

in these oxides the distance between the cations and their local en

vironment are almast equal to the distance of the B-site ions in the 

spinel structure and their local environment. An other mechanism which 

may induce the localization of the charge carriers can be found in the 

electron-lattice interaction [30,40]. If the average time an electron 

spends in the neighbourhood of a lattice site is large enough for the 

lattice to adjust itself to the presence of the charge carrier, the 

lattice will deform in such a way that the total potential energy 1s 

lowered. In this way the charge carr1er creates its own potential well 

and tagether with the deformed lattice it is called a polaron. The 

term small polaren is applicable when the deformation is less than 

the intersite separation. If the electron-lattice interaction is 

streng enough, the charge carrier will become localized. It should 

be noted that a local Jahn-Teller distartion may rise to a 
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similar behaviour [83]. 

Finally, we consicter a mechanism which may have a very drastic 

influence upon the localization of the charge carriers in titano

magnetite. Due to the presence of a relat~vely large amount of Ti4
+ 

ions, which lower the energiesof neighbouring sites (cf. He-t)' and 

due to the repulsive energies between the electrous (cf. He)' the 

energies of the various B-sites will be considerably randomized. The 

potential energy will be strongly non-periodic. This non-periodicity 

-or disorder- has serious consequences for the electron wave functions, 

as has been pointed out at first by Andersou [41]. He considered a 

situation where in a periadie system a random potential energy V was 

added to each potential well. It one ctefines v2 <V
2

>, then V is a 
0 0 

measure of the degree of disorder. It was found that, if V
0 

is large 

enough, the s-wave function of an electron placed in such a potential 

will fall off like exp[-a(r-r )), which implies that the electron is 
0 

localized. According to Anderson's calculation the value of V
0

/2zi 

at which such a localization sets in amounts to ~ 5. Later work on 

this subject, both analytica! and numerical [42], has confirmed 

the basic ideas of Anderson, alt:hough the critica! values of V /2zi, 
0 

above which localization occurs, are somewhat smaller than his result. 

Generally V
0
/2zi ~ 2 is found. 

In view of the arguments given above it seems reasonable to derive 

the Hamiltonian (17) for titanomagnetite starting from a localized 

electron picture. The implications of this Hamiltonian for the elec

trical conduction will be outlined in section 4.4. In section 4.5 some 

considerations on the density of states will be given. These consider

ations will be based upon a simplified form of this Hamiltonian. 

4.4. Theory of hopping conduction 

4.4.1. EZectriaal aonductivity 

In the absence of phonons, electrous in localized states will not 

contribute to the conductivity. Any localized electron may only 

tunnel to another localized state with the assistance of phonons. 

The phenomenon of tunneling from one localized state to another with 

the aid of phonons generally is called hopping. In this section the 
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electrical conductivity in the case of hopping-transport will be 

discussed. 

In absence of disorder the motion of the localized charge carriers 

through the lattice is described by small-polaron theory, which is 

generally based upon a Hamiltonian invalving the terms H~r and H;h 

discussed in the foregoing section. The results of this theory which 

may be of importance for the interpretation of the conductivity 

measurements are summarized as fellows [30,40]: At low temperatures 

T < ie• where 8 is the Debeye temperature, the electron moves in a 

band (small polaron band) which is extremely narrow. Nevertheless 

the conductivity is expected to be bandlike with a mobility which 

only weakly depends on T. At temperatures above ~ the mobility 

becomes thermally activated: 

(T > -J:G) 
2 

(18) 

WH is the polaron hopping activation energy. This energy is expected 

to be equal to about half the polaren binding energy E (cf. sectien 
p 

4.3). Like EP, WH depends on the electron-pbonon coupling strength. 

Theoretica! investigations of hopping transport in disordered 

systems were stimulated by the work of Miller and Abrahams [43] who 

investigated impurity conduction in heavily doped broad band semi

conductors. A large number of investigations have since contributed 

to the improverneut of the theory and several reviews are available 

[28,44,45,46]. Most of the authors start from a system with one 

electronic state per site. The site energies given by the density 

of states are assumed to be randomly distributed among the available 

sites. The resonance integral is assumed to be small. The effect of 

disorder on the phonon subsystem is generally ignored as it may be 

expected to have only a small effect on the hopping conductivity [28]. 

To calculate the conductivity in such a disordered system three 

methods, based upon the Kubo-formula, the density matrix and the rate 

equation, respectively, are appropriate, and yield similar results 

[47]. It appears that the problem of calculating the electrical 

conductivity in a disordered system may be reduced to a calculation 

of the current in a random resistor netwerk [43]. The nodesof this 
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net~crk represent the sites in the system where the charge carriers 

may reside. The expression for the resistance Zmn between the nodes 

m and n is given by: 

(19) 

where fm' fn' and Rmn are the accupation degrees of site m and n and 

the transition probability from site m to site n, respectively, in 

absence of an applied field. The accupation degree is given by the 

Fermi-Dirac function: 

f 
m 

(20) 

where EF is the Fermi energy and Em is the energy of an electron at 

site m. The transition probability Rmn has been calculated for a wide 

range of parameter values [48] and generally takes the farm: 

R e 
0 

R mn 
R e 

0 

-2ar (E -E )/kT 
mn e m n 

-2ar 
mn 

(E < E ) 
m n 

(E > E ) 
m n 

(21) 

where the pre-exponenrial factor R
0 

depends only weakly on T and r. 

r ~s the distance between the sites mand n and a- 1 denotes the 
m 

Bohr-radius of the localized s-wave function. It appears that for 

not too high temperatures the expression (19) may be written as: 

z- 1 
exp(-2ar - {IE -EFI+IE -EFI+IE -E l}/2kT) 

o mn m n m n 
(22) 

where the prefactor Z
0 

depends on the strength of the electron-phonon 

coupling but does not exponentially depend on T or r. 

The problem of calculating the net resistance of the random 

resistance network can not be solved exactly, Most theoretica! 

approximations are based upon percolatien theory [49 to 53]. 

Furthermore, several numerical calculations have been performed 

[53,54,55]. The results of the various approaches are largelyin 

agreement with each other. We shall firstly discuss the results for 
2 

the case of weak electron-phonon coupling (lyl <<I). Two temperature 

regions of interest may be distinguished. 
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At high temperatures the factor exp(-2armn) in the expression (22) 

for the resistance between the sites m and n will ensure that hopping 

is preferently between nearest neighbours and it appears that the 

conductivity behaves like: 

(23) 

Wd is the activation energy for hopping. This activatien energy is 

determined by the energy differences which act on the electron when 

it is rnaving through the crystal. Wd may be calculated analytically 

insome limiting cases [53,56]. 

Inspeetion of formula (22) shows that at low temperatures 

preferently hops near the Fermi energy will occur with Em < and 

> or vice versa. Then equation (22) reads: 

z- 1 exp(-2ar - IE 
o mn m 

I /kT). (25) 

When on the average IE -E I/kT becomes larger than 2ar • with m 
m n mn 

and n nearest neighbours. it may be more advantageous for an electron 

at site m to hop to a more distant site n where IE -E I is smaller. m n 
Generally the charge carrier will choose a site to which the 

resistance (25) is minimal. An approximation for the most easy 

hop may be simply deduced as follows [57]: On the average the minimum 

energy difference IE -E I ~E within range r around an arbitrary m n 
site near EF is found by requiring 

where g(E) is the density of localized states. 

Hence 

(26) 

(27) 

Using expression (25) the resistance between these sites is given by: 

(28) 

Minimizing this expression with respect to r one finds that the 
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average minimum resistance occurs for the hopping distance (range): 

r . 
m~n ( 

9 )1/4 
Sn a kT g(EF) . 

(29) 

Substitution of this expression in equation (28) yields the average 

minimum resistance, which is temperature dependent. If we assume that 

the overall resistance is mainly determined by this average minimum 

resistance one obtains the 114-law for variabie range hopping: 

which is also known as the Mott-law. Here 

T 
0 

and c = 2.06 according to this simple derivation. 

(30) 

(31) 

More sophisticated analytica! methods [49 to 52], as wellas 

numerical calculations [54,55] yield similar results with values of c 

which differ less than ~10% from 2 [28]. The mechanism of variabie 

range hopping holds only at sufficiently low temperatures. Obviously, 

rmin should not be less than the nearest neighbour distance r
0

• 

Inserting r
0 

into the left hand side of equation (29) the temperature 

up to which the Mott-law holds is obtained: 

T 
c 

9 (32) 

The phenomena mentioned above i.e. variabie range hopping and 

nearest neighbour hopping are also expected in the case of strong 

electron phonon coupling (lyl 2>>1). However, in this case also 

polaron effects may be important. Then the activatien energy will 

change from its value Wd (cf. equation (23) at T < !0 to WH + ~Wd at 

high temperatures, where WH is the polaron hopping energy which has. 

been already discussed before (cf. equation (18)) [28,37]. 

4.4.2. The thermoeZectric power 

The calculation of the thermoelectric power in disordered systems 

appears to be a problem even more complex than the calculation of 
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the electrical conductivity. This is mainly due to the lack of a 

generally accepted approach to this problem. An attempt to use the 

generalized Kubo formula [SST is hampered by the difficulty that in 

preserree of electron-pbonon interaction the operator of the heat flux, 

which occurs in the Kubo formula, appears not to be uniquely defined 

[28]. A frequently used expression is based upon the formalism deduced 

by Greenwood [59]. This expression may be written as [60,61] 

s = - l- l I 
~a 

a(E) dE, (33) 

where a(E) ~s related to a by: 

a f a(E) dE. (34) 

a(E) may be written as [62]: 

a(E) e g(E) ~(E) f(E) [1-f(E)], (35) 

where g(E) is the of states per unit energy. ~(E) is the 

mobility of an electron with energy E and f(E) denotes the Fermi

Dirac function for energy E and Fermi energy EF. The validity of 

this formula in the case of hopping transport in disordered systems 

has been criticized by Brenig et al. [63]. However, Butcher [64] has 

shown that by taking a suitable system average the formula may be 

derived directly from the rate equation. 

From this formula two other well known expressions may be derived. 

If the electrous move within a band of energies which is small 

compared with kT, expression (33) reduces to: 

s (E -E ) = k ln (--n--) = k ln(_Q_) B F e NB-n e 1-p (36) 

where NB is the number of states in the band and EB is the average 

energy of these states; p is the electron density n/NB. The ex

pression on the right hand side of (36) is known as the Heikes 

formula. If conduction takes place in a small energy interval around 

EF, formula (33) may be simplified by expanding g(E)~(E) in a Taylor 

series around E . The result is 
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s 
e ( dln(~g)) dE E=EF' 

(37) 

which is a standard formula in the case of metallic conductivity. 

According to Mottand Davis [44], this formula should also apply in 

the case of hopping, if hopping occurs between sites with energies 

near EF. If ~(E) is of the form 

~(E) ~ (E) exp(-W(E)/kT), 
0 

as may be expected for hopping conduction, expression (37) can be 

written as: 

(38) 

(39) 

which implies a linear temperature dependenee of the thermoelectric 

power. 

It is noted that the general formula (33) is not valid if the 

motion of an electron is accompanied by heat transport due to phonons. 

In such a case it is expected that in expression (33) E - EF must be 

replaced byE- + A(E,T) [28,62). A(E,T) reflects the additional 

heat transport of the electrous caused by the electron-pbonon 

interactions. 

The formulae given above will be used for the interpretation of 

the experimental datainsection 4.6,2, 

4.4.3. The of eorrelation upon the hopping conduction 

The theory of hopping conductivity in disordered systems outlined 

insection 4.4.1, is predominantly a one electron theory, in which 

electron-electron interactions are not explicitely taken into 

account. However, it has been argued (cf. section 4.3) that the 

intersite Coulomb repulsion of the electrans is expected to be 

rather important in the titanomagnetite series. In the presence of 

these interactions the energy of sites which are close to a certain 

site i depends upon the fact whether or not site i is occupied by 

an electron. If so, some neighbouring sites, which otherwise would 
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have been occupied, will now be empty. The electron is said to form 

an electronic polaron around it [65]. Various authors [66,67,68] have 

argued that this effect produces a gap at the Fermi energy in the 

density of states for one electron excitations. This gap may be either 

an absolute gap, i.e. the density of states may be equal to zero, or 

the density of states may simply be statistically insignificant in the 

gap. In the latter case there is no significant contribution to the 

conductivity by excitations through these states. The width of the 

gap E is of the order of the Coulomb interaction between two 
g 

electrans on nearest neighbour sites. In the preserree of the gap 

hopping of the electrous is expected to show a different behaviour 

in various temperature regions. At high temperatures, such that 

kT > E , a single electron has enough energy to get excited across 
g 

the gap and the normal mechanism of nearest neighbour hopping will 

be effective. As kT becomes lower than E an electron may only hop 
g 

to a neighbouring site while taking its polaron with it. This simul-

taneous motion of electrans will enhance the transition rate. It is 

argued by Knotek and Pollak [69,70] that in such a case the 

activatien energy of the conductivity is gradually diminished with 

decreasing temperature. At still lower temperatures, also in this 

case of collective motion of the electrons, variable range hopping 
-I/4 may be expected [65], leading to the exponential T dependenee 

of the conductivity with a somewhat increased value of a (cf. section 

4. 4. I). 

It has been argued by Zvyagin [71] that the existence of a eer

relation gap will also be reflected in the Seebeck coefficient. 

4.5. Some considerations on the density of states and the electron 

dis tribution 

In order to get some information about the distribution of the B-site 

electron energies, in this section some calculations of the density 

of states will be presented, which are based upon a simplified form 

of the Hamiltonian (17). We will consider only nearest neighbour 

interactions on B-sites. Furthermore, the level braaderring due to 

the overlap is not taken into account and hence the resulting density 

of states is a sum of o-functions. In spite of these simplifications, 
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we think that such an approach may give the correct order of magnitude 

of the energy distribution as the most important interactions are 

incorporated. It may be expected that the main effect of the inclusion 

of the resonance integral and the more distant neighbour interactions 

is a broadening of energy levels. We consider the Hamiltonian: 

H L n. + l U I n. n , + W I nk' + EA I n 0 • 

i 1 2 i,i' 1 i k,k' (), "' 
(40) 

i and ~ denote iron ions on B- and A-sites, respectively. The index 

k denotes a site where a Ti4+-ion is present i' and k' refer to 

nearest neighbour iron ions of i and k, respectively. 

To rewrite this Harniltonian in a more simple form we take into 

account the lattice structure of the octahedral sites. The B-site 

sublattice may be considered to forma f.c.c. lattice of tetrabedrans 

(cf. figure 4.4). Each B-site is shared by two tetrabedrans and hence 

Fig. 4. 4. 

Perspective view of the 

lattice of octahedral sites 

in the spinel structure. 

it has six nearest neighbour B-site ions. Now we consider a B-site 

iron ion tagether with its neighbours and call this unit a cluster. 
. . . d d b . 4+ . d 6 . . The 1ron 10n 1s surroun e y V T1 -Lons an - V 1ron 10ns 

(v = 0,1, ... ,6) tagether forrning the cluster. Let NV be the number 

of clusters with V titanium ions, then the Hamiltonian rnay be written 

as: 
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(2-x)N 6 NV I 6-v N 
H=E L n.+ L L (-2 ui n.n .. +vWn.)+EALn0 .(41) 

B i=l ~ v=O i=l i'=J ~ ~ ~ ft=l "" 

Treating this model by means of two time Green functions [72,73,74] 

the equation of motion generates a hierarchy of Green functions 

G. 
~ 

<<n.c.; 
J 1. 

G ... , 
l.JJ 

<<n.n. ,c.; 
J J 1. 

(42) 

and so on. This hierarchy will be broken off using the Hartree-Fock 

approximation [75]: 

G •• 
l.J 

> G •• 
1. 

6 
Fig. 4.5. 

An exampZe of a cluster 

B-sites containing four 

ti tani wn i ons . 

(43) 

If we consider -for example- a cluster with 4 titanium ions, (cf. 

figure 4.5) the equation of motion leads to: 

(44) 

Using equation (43) this yields: 

(45) 

where <n.> is taken equal to the average accupation degree of B-sites 
J 

<nB>. Fr om equation (45) the accupation degree for the central iron 
ion of the cluster may be derived directly: 

(46) 
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The accupation degree 

I 
<nB> (2-x)N 

6 

\2-x)N L 
v=O 

\ 
L 
i 

of the 

<n.> 
~ 

B-sites fellows from 

6 
N 

V 

(2-~)N I \ <nv> 
L 

v=O i= I 

<nv> is the accupation degree of aB-site iron ion surrounded by 

v titanium ions. For the accupation degree of the A-sites we have 

(4 7) 

(48) 

The Fermi level and thus the electron distribution may be calculated 

1.0 

08 

0.6 

O.t. 

U2 

't!': -1 u 
10:0.5 
u 

Aki~~?/ 

,./~ /Néel- Chevall ier 

I 
I 

I 

0.6 0.8 1.0 

Fig. 4.6. The parameter Ç, repreaenting the number of electrans per 

formula unit on A-sites, as function of the titanium 

concentration x for some values of the A-site energy EA. 

The calculations were performed on the basis of the model 

as outlined in this section for kT/U= 0.5. The dotted 

line denotes the values according to the model of Akimoto, 

the dashed line represents the values according to the 

Néel-ChevaZZier model (cf. figure 4.2). 
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Fig. 4.?. The number of B-site energy levels as function of energy 

fora random distribution of the titaniumionsin Fe 3_xTixo4 
forx=O.B. 

self-consistently from the number equation: 

(49) 

However, to do so, the set NV must be known, NV being the number of 

clusters with V titanium ions. This problem is in fact related to the 

question to which degree the titanium ions on B-sites in titano

magnetite are ordered. The problem is quite simple in the case of 

maximum disorder, as in this case the probability to find a titanium 

ion on an arbitrary B-site is simply x/2. If we write NV as NV 

N(2-x) Pv• then PV is given by the binominal distribution 

p 
V 

(50) 

The Fermi energy and the distribution of the electrous between A- and 

B-sites may now be calculated straightforwardly from equations (47), 

(48) and (49). This is illustrated in 4.6, where we have 

plotted the number of electrous per formula unit on A-sites (cf. 

formula (5)) as a function of x for some values of EA/U and for 

W/U = -1. In figure 4.7 the number of energy levels per formula unit 

as function of the energy is shown for x= 0.8. 
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The di~cribution given above only holds in the case of maximum 

disorder. If a large degree of order among tbe actabedral titanium 

ions exists tbe number of titanium ions in a cluster will always be 

close to 4x. Tbis may be seen by dividing the B-site sublattice into 

N/4 disconnected tetrabedrous (cf. figure 4.4), which can be performed 

in two ways. In the case of maximum order the number of titanium ions 

in such a tetrabedrou will be close to 2x. An iron ion shares two 

tetrabedrans and will consequently in this case on the average be 

surrounded by 4x titanium ions (cf. also [76]). Within our model

Hamiltonian tbere will be at most two B-site energies of importance 

with an energy separation of <nB>U - W. 

It is emphasized that the above described procedure gives only a 

very rough estimate of the density of states. The calculation yields 

seven different B-site energies and one A-site energy, It follows tbat 

if the titanium ions are not completely short range ordered tbe spread 

of the B-site energies will increase with an increasing amount of 

substituted titanium ions. Within our model the average energy of 
x x 

the B-sites amounts to 6(<nB>U(l - 2) + WZ). For W = -u this yields 

roughly 3U for x~ 0.5 (assuming <nB> to he maximum: <nB> = ~::) and 

6(1-x)U for x> 0.5 (assuming <nB> = I), which indicates that for 

x > 0.5 the average B-site energy decreases. Clearly, this is related 

to the average valency of the B-site ions which is roughly 2.5+ for 
• + 

x~ 0.5 and 1ncreases to 3 for x=I. 

A major shortcoming of the calculations is the ignorance of the 

influence of the titanium substitution upon the A-site energies. 

Although the A-B and A-A interactions are expected to be smaller than 

the B-B interactions, the A-site level will certainly also he splitted 

as a consequence of the titanium substitution. From a certain value 

of x the A- and B-site energies may even partly overlap. Since the 

nearest neighbour cations of an A-site ion are twelve B-site ions, 

also the average A-site energy will probably be lowered for x > 0.5 

on an increasing titanium substitution. 

It bas been mentioned already above that the inclusion of the 

resonance integral and the more distant neigbbour interaeticus will 

give rise to a broadening of the site levels. This will yield a 

"smoothing" of the density of states and a continuous range of A- and 

B-site energies will result. 
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4.6. Conductivity and thermoelectric power measurements 

4.6.1. Results 

In this sectien we will give a brief description of the experimental 

results of conductivity and thermoelectric power measurements, A 

detailed discussion of these results will be postporred until the next 

section. The measurements were carried out on single crystals. 

Specimens of eleven different compositions Fe3_xTixo4 (x= 0,0.1, .•• ,1) 

were prepared in the way described in sectien 2,1. 

The conductivity measurements were performed from liquid nitrogen 

to about 1000 K in the two experimental equipments described in 

sectien 2.2.2. Above room temperature the measurements were carried 

out in purified nitrogen gas (Cu- BASF-catalyzer, type R 3-11) to 

prevent oxidation of the samples. In some cases additional measure

ments below liquid nitrogen were found to be necessary. These 

measurements were performed in a liquid helium equipment, The results 

of the measurements are plotted in figure 4.8 on a logarithmic scale 

as function of the inverse temperature. In the temperature region 

between 300 K and 400 K, where the data of the measurements performed 

in the two experimental set ups did overlap, the data were generally 

found to correspond with each other within the experimental scatter. 

For x= 0.7 and x= 0.9 the deviations were slightly larger. This may 

be explained by the fact that generally different crystals were used 

for the two temperature regions. Therefore the titanium content of both 

samples may be slightly different (cf. sectien 2.1). Moreover, the 

cooling conditions after annealing may have been differed somewhat, 

which will also affect the conductivity (cf. section 4.7). 

The data on magnetite above room temperature agree satisfactorily 

with measurements of Griffiths et al. [77] and Smith [78]. Our results 

are intermediate between the data reported in these two papers, which 

differ by about 30%. It has been demonstrated by Griffiths et al. [77] 

that such differences may arise from a small excess of oxygen. This 

explanation is corroborated by the fact that the sample used for our 

high temperature measurements had been annealed in a somewhat 

oxidizing atmosphere (cf. figure 2.2). The results of our measurements 

at room temperature are roughly in agreement with the data reported 

by Stephenson [5] which were obtained on quenched single crystals. 
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4.8. The Zogarithm of the conductivity of as funation 

of the inVePse temper•atUPe. 'l'he dashed Zines indicate the 

ZineaP part of the curves from whiah the activation energies 

in equation (52) have been aaZcuZated. 

The results of the measurements on polycrystalline samples reported 

by et al. [3] reveal somewhat higher resistivities. For some 

compositions the values are even larger by more than an order of 

magnitude. Within the scatter of their data the reported activatien 
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agree with the results of our measurements. In our apinion 

the different resistivities may be ascribed to the grain boundaries 

of the sintered specimens, 

The overall temperature dependenee of the conductivity may be 

described as fellows, Up to a certain temperature which differed for 

the various compositions the logo- 1/T plot of the samples with 

x= 0.3 to x= 0.9 clearly showed deviations from a straight line. 

In view of the theoretical considerations as outlined in sectien 4.4.1 

we plotted for this temperature region logo as a function of 1/4 

The results are shown in figure 4.9, from which it can be seen that 

the behaviour at sufficiently low temperatures is very well described 

-6 • 0.3 
x O.l. 
+ 0.5 

-7 <> 0.6 
• 0.7 
• 0.8 

-8 • 0.9 

I 
V 1.0 

0.22 0.24 0.26 0.28 0.30 0.34 0.36 
flt4 CK-Jtl 

Fig. 4.9. The ZOIJ tempe:r>atu:ru data of figu:Pe 4. 8 pZotted ve:r>sus 

The dashed Zine.s indicate the Zine.ar pa:r>t of the 

cu:r>ves f:r>om which the tempe:r>atU:r>es T
0 

in equation (51) 

have been àete:r>mined. 
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by: 

(J (51) 

For x= 0.3 and x= 0.4 the measurements have been extended to below 

liquid nitrogen temperature. For higher values of x such an extension 

was hardly possible. The resistance of the liquid helium equipment, 

which was primarily meant to measure materials with a high conductivity, 
6 was only 10 fl. 

At temperatures above the region where the conductivity may be 

described by equation (51} all the curves, except for x= I, showed 

a region where logo varied almost linearly with 1/T. This has been 

indicated in figure 4.8 by a dasbed line. Hence the conductivity in 

this temperature region is described by: 

(52) 

The values of E which have been determined from these dasbed lines 
(J 

are plotted in figure 4. 10. 
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At high temperatures the differences between the conductivities 

of the various samples strongly decreases. Roughly, the data of all 

samples seem to reach a common limiting value. 

The temperatures at which the behaviour of cr as given by 

expression (51) changed into the linear behaviour of logo versus 

1/T as given by expression (52), have been approximately determined 

from the figures 4.8 and 4.9. The results have been plotted in 

figure 4.11 as function of the titanium concentration. Within the 

experimental uncertainty, 

titanium concentration. 

was found to be proportional to the 

250 
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/( 
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Fig. 4.11. 

The temperature at ûJhich 

the Zinear dEpendenee of ~og a 

on T-114 turns over in the 

Unear dEpendenee of ~og a on 

T-l in Fe
7 

Ti 0
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Thermoelectric power measurements on the mixed series were performed 

above and below room temperature in the respective experimental 

equipments, described in section 2.2.3. At high temperatures the 

measurements were carried out in purified nitrogen gas. The 

experimental results are plotted in figure 4.12 as a function of 

temperature. 

The Seebeck coefficient of the specimens with a low titanium 

concentratien (x ~ 0.5) appears to be negative in the whole 

temperature range. The behaviour of these samples is rather 
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Fig. 4.12. The temperature dependenee of the thermoeleatria power 

for ten compositions of the rrrixed series Fe J-xTi xo 4. 

similar. Below ~ 300 K the Seebeck coefficient becomes more 

negative with decreasing temperature. For all samples with x < 0.5 

a maximum occurs at about room temperature. At higher temperatures 

a gradual decrease is observed. 

The samples with x > 0.6 all show at low temperatures a positive 

Seebeck coefficient which approximately varies as Es/eT + A, This 

may be inferred from figure 4. 13 where the low temperature data have 

been plotted as function of 1/T. The values of amount up to 
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0.02 eV for x= 0.9. Above room temperature the behaviour is more 

or less similar to that of the samples with x < 0.5. Here also the 

Seebeck coefficient decreases gradually with increasing temperature 

eventually becoming negative at high temperatures. 

In figure 4.12 we have not plotted the data of ulvÖspinel (Fe2Ti04). 

The high temperature measurements on this specimen did not give 

reproducible results. Some of these data are shown in figure 4.14, 

where we have plotted the thermoelectric power as function of the 

titanium concentratien at four temperatures. It can be seen that for 

x > 0.2 the Seebeck coefficient gradually increases with x, whereas 

deviations occur for x= I. A possible explanation for the behaviour 

of ulvÖspinel will be given in the next section. 
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Fig. 4.13. The Zow temperature data of figure 4.12 pZotted as function 

of the inverse temperature. 
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4.6.2. Discussion 

Fig. 4.14. 

The thermoeZeatric power 

of Fe 2 Ti 04 at four 
"-x x 

tempePatures as function 

of x . 

The measurements as outlined above are largely in favour of a model 

of hopping conduction between localized states. The relatively low 

values of the Seebeck coefficient, only weakly depending on the 

temperature, tagether with the thermally activated conductivity with 

activatien energies up to 0.2 eV strongly suggest such a behaviour. 

The temperature dependenee of the conductivity in the mixed series is 

qualitatively similar to the behaviour which is observed in impurity 

conduction and amorphous materials [79]. This should indicate that · 

the basic features of our model are correct. It suggests that con-

·duction takes place by hopping between sites of which the energies 

are randomized due to titanium subs,titution and inter-electron inter

actions. 

One should note that the data show hardly any changes at the 

magnetic transition temperature (cf. figure 4. 1). This may indicate 
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that the magnetic order has only a minor influence upon the electrical 

conduction. 

Firstly we will discuss in some detail the order of magnitude of 

the separation between the A- and B-site energies. From the general 

formula (4) for titanomagnetite it fellows that the number of con

duction electrous on B-sites may be at most (2-x)N, where N is the 

number of formula units. As a total number of (l+x)N electrous 

contributes to the conduction process, part of the electrous necessar

ily have to occupy A-sites when x exceeds 0.5. This implies that at 

T = 0 for x> 0.5 the Fermi energy EF will be located within the 

A-site density of states gA(E) whereas for x< 0.5 EF is located 

in the B-site density of states gB(E). 

Generally it is assumed that the A-site energies are well 

separated from the energies of the B-sites by some tenths of an 

electronvolt, the B-site levels lying lowest. However this would 

imply that at x= 0.5 drastic changes would occur both in the thermo

electric power and in the conductivity, irrespective of the fact 

whether or not conduction takes place between A-sites. Without loss 

of generality this may be illustrated by consiclering the density of 

statesas shown in figure 4.15 with a Gaussian distribution for the 

B-site energies and one energy level for the A-sites, and with the 

assumption that EA ~ 3E
0 

>> kT (i.e. EA well above the B-site 

energies). For x> 0.5 the Fermi level is approximately given by: 

gCEJ 

Fig. 4.15. The density of states used as a basis of the discussion 

with a Gaussian distribution for the B-sites and a o
function for the A-sites. 
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(
2-2x) - kT ln 2x-l • (S3) 

This equation is exact if the B-sites are completely filled. By 

taking into account that <n8> I the expression (S3) may simply be 

derived from equations (48) and (49), which are also valid for this 

case. Now if conduction takes place only over B-sites, the number of 

-p-type- charge carriers is, using Boltzman statistics, given by: 

p J 
(2-x)N -(EE/2)2 (E-EF)/kT 
--- e 0 e dE. 

E/21f (S4) 

The major temperature dependenee of expression (S4) may be contained 

in a factor exp(Em-EF)/kT, where is the value of E for which the 

integrand in (S4) has a maximum. In this example 

E2 
E = _.2 

m kT 
(SS) 

Davis and Grant [80] have shown that at low temperatures the mobility 

in such a case is determined by variabie range hopping near Em. 

Hence the conductivity 0 = pe~ may be written as: 

0 (S6) 

In the case under consideration, well above the B-site energies 

and x > O.S, the major part of the activatien energy would result 

from the thermal activatien of the number of charge carriers whereas 

for x< O.S this energy would be absent. Moreover, this activatien 

energy would also occur in the thermoelectric power for x> O.S, 

which is approximately given by (cf. section 4.4.2): 

s (S7) 

If -on the other hand- the mobility of the A-site electrans is 

comparable to that of the B-site electrons, then for x > 0.5 the 

conduction will be mainly over A-sites. In that case one also would 

expect drastic changes at x= O.S. In the first place the activatien 

energy of the mobility would be expected to differ for A- and B-site 

conduction because of the different inter-site separation. Secondly, 
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for x> 0.5 one would expect a behaviour of the thermoelectric power 

like 

s I k (2-2x) - - (E -E ) RJ - - ln --
eT A F e 2x-l ' 

(58) 

which may be deduced from the equations (53) and (32). Below x= 0.5 

the conductivity would be over B-sites and the thermoelectric power 

would not contain this term. 

Inspeetion of the experimental results (cf. figures 4.8 to 4. 14) 

shows that neither of the phenomena considered above occur. The thermo

electric power shows some minor changes between x= 0.5 and x= 0.6 

but the activation energies, which may be deduced for ~he samples with 

x> 0.5, amount to at most 0.02 eV. Also the conductivity does not 

show any of the drastic changes that one would expect if EA is located 

well above the B-site energies. This is a particulary evident in the 

1 . h 1 . 1" 1 . h -l/4 F ow temperature reg~on w ere og0 var~es ~near y w~t T • rom 

figure 4.9 it can be seen that the slopes of the curves for x = 0.3 

to x= 0.9 are almast identical. This corroborates the absence of 

drastic changes of the behaviour of the conduction at x= 0.5 and 

indicates that the factor exp(Em- EF)/kT in expression (56) will be 

close to unity. These considerations lead us to the conclusion that 

the A-site energies are rather close to the B-site energies. 

After this preliminary analysis we will now discuss separately in 

detail the results of the thermoelectric power and conductivity 

measurements. 

An important feature of the thermoelectric power of titanomagnetite 

is its relatively low absolute value compared to several other com

pounds with mixed valency statesof iron [10,77,81,82]. It is 

emphasized that such low values are characteristic for hopping 

conduction in disordered systems with correspondingly high electron 

concentrations. A striking result of the measurements is the largely 

similar behaviour of the samples with low titanium concentrations 

(x~ 0.5). This suggests that the conduction in these samples occurs 

under almast equal circumstances. It follows from equations (33), 

(34), and (35), that this may be expected if the behaviour of g(E)~(E) 

near EF is almast equal for x< 0.5. Such a behaviour is consistent 

with the point of view that the Fermi level is located inside the 
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B-site density of states gB(E) and that conduction takes place near 

EF. In all samples with x S 0.5 we find a decrease of the Seebeck 

coefficient at low temperatures, revealing very small activatien 

energies in the order of 0.01 eV (cf. figure 4.13). A similar 

behaviour of the Seebeck coefficient was found in Ni-ferrites [77]. 

These results were explained on the basis of the assumption that a 

small gap separates the iron states in two narrow subbands and that 

electron transport is limited to the upper band. The origin of this 

gap could not be explained by the authors. We suggest that the 

observed behaviour in titanomagnetite and nickelferrite may possibly 

be ascribed to a gap which is induced by correlation effects (cf. 

section 4.4.3). 

The data of the samples with x ~ 0.6 reveal a positive Seebeck 

coefficient at low temperatures with activatien energies of 0.01 eV 

(x= 0.6) to 0.02 eV (x= 0.9). This behaviour points to the creation 

of charge carriers (p-type) by excitation of electrous from an 

average conduction level Em which is situated below • This may be 

explained as fellows. Apart from a possible overlap with the A-site 

density of states gA(E), the B-site density of states will be filled 

completely at T = 0 for values of x above 0.5. For these values of x, 

EF will be located in gA(E). If now hopping transport atB-sites is 

more easy than at A-sites, then for x ~ 0.5 the average conduction 

level will be located near the edge of gB(E), since for these energies 

the (33) will be maximum. This situation is sketched in 

figure 4.16. In such a case the Seebeck coefficient is given by 

S = plus a possible kinetic term A (cf. sectien 4.4.2). 

This is in agreement with experiment. The fact that the observed 

activatien energies EF-Em amount only to 0.01-0.02 eV and that the 

positive Seebeck coefficient is not found in samples with x= 0.5 

may indicate that gA(E) and gB(E) already have some overlap at this 

value of x. 

For all samples the Seebeck coefficient at high temperatures shows 

an almost linear region. Such a behaviour is also observed in fluorine 

substituted magnetite and has been interpreted on the basis of 

formula (39). However, interpretation of the quantities W(E) and 

~0 (E) in this formula, which both occur in the expression for ~(E), 

is not quite clear. Moreover, this formula should be applied only 

at low temperatures, where hopping occurs at energies 
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Fig. 4.16. Approximate farm of the density of statea propoaed for 

Fe3_xTixo4 (x~ 0.5). EF is the Fermi energy (for x~ 0.8) 

and Em ia the average eonduetion ZeveZ. 

close to the Fermi energy. 

An attempt to reproduce the Seebeck coefficient numerically on the 

basis of formula (33) with an approximate density of states as shown 

in figure 4.16 was not very succesful. This was mainly due tothefact 

that the behaviour of S appeared to depend very strongly on the 

detailed behaviour of ~(E). Unfortunately, to our knowledge no simple 

theoretica! expressionbas ever been derived for ~(E), 

Finally we will comment on the behaviour of Fe2Tio4• The high 

temperature measurements on this specimen did not yield reproducible 

results (cf. figure 4.14). Wethink that this behaviour may be 

explained from the nearly intrinsic conduction in FezTi04• For a small 

excess of ovvgen ulvÖspinel may be written as FeZ+ Fe3+ri4+oZ- This 
·~ 2-Zo Zó 4+ó' 

suggests that the number of -p-type- charge carriers will be strongly 

dependent on the oxygen stoichiometry. Therefore, a minor oxidation 

will directly lead to changes of the thermoelectric power in this 

specimen. 

-1/4 As has been mentioned already, a T behaviour of loga has been often 

observed in amorphous and in heavily doped crystalline semiconductors. 

Usually this behaviour is interpreted as variabie range hopping. In 

that case the data may be analyzed according to the theory outlined 

insection 4.4.1. The values of T
0 

in formula (51) can be calculated 
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-1/4 from the slopes of the logo vs T plots presented in figure 4.9. 

The values of Tc have been determined already and are plotted in 

figure 4. 11. 

Within the framewerk of the present theory there remain two unknown 

quantities i.e. a and g(EF). a is the coefficient which determines the 

exponential decay of the localized wavefunction and g(EF) is the 

density of states at the Fermi energy. If we rewrite (31) as: 

and substitute this expression in equation (32) we obtain: 

ar 
0 

1_ (T0 )I/4 
8 T ' c 

where r is the nearest neighbour distance. Substitution of (60) 
0 

in (59) yields g(EF). Taking into account that there are eight 

formula units per unit cell we write: 

g(E) N g*(E) 8 3 g*(E) 
a 

where g*(E) is the normalized density of states; a is the lattice 

constant of titanomagnetite and N is the number of formula units 

per unit volume. If we take for r
0 

the nearest neighbour distance 

between B-sites, which equals l/4 a/2, it fellows: 

1T 
.!_ T -1/4 T -3/4 
k 0 c 

3 
8

7/2 (ar
0

) 

= 9"TT~ 
0 

If T
0 

and Tc are known, g(EF) may be calculated. The respective 

values are summarized in table 4.1. 

(59) 

(60) 

(61) 

(62) 

For x< 0.5 the Fermi level is located withintheB-site density 

of states. Therefore we expect that for x< 0.5 the values obtained 

for g(EF) actually represent gB(EF). For x > 0.5 the Fermi level 

should be situated within gA(E). On the basis of our thermoelectric 

power measurements we have argued that for these values of x the 

average conduction level Em may probably be located below EF near 

the edge of the B-site density of states. Grant and Davis [80] have 

shown that in such a case variabie range hopping near Em may be 

expected at low temperatures. This indicates that for x> 0.5 the 
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Tabte 4.1. Some parameters determined from the eonduetivity data on 

Fe 3_xTixo4• The meaning of the parameters is given in the 

text. 

* x T
0 

(K) T (K) ar g (EF) 
c 0 

0.3 7.64 108 74 21.3 7.5 

0.4 7.81 108 96 20.1 6. 1 

0.5 8.99 !08 116 19.8 5. I 

0.6 8.20 108 139 18.5 4.6 

0.7 8.07 108 165 17.7 4.0 

0.8 7.51 J08 189 16.7 3.7 

0.9 8.80 108 216 16.9 3.2 

1.0 12.0 108 267 17.3 2.6 

calculated values of g(EF) actually represent gB(Em). If this is cor

rect the calculated values of g*(EF) suggest that gB(E) bas an almost 
-3 -1 constant value of about N(2-x)•3 cm eV , which yields a width 

of gB(E) of about 0.3 eV. Within the frameworkof the proposed model 

this value of 0.3 eV is in order of magnitude explicable. If the 

interaction parameters roughly satisfy U~ lwl ~ 0, I eV, a width of 

gB(E) of 0.3 eV indicates that the degree of disorder among the 

titanium ions is relatively small. If -on the ether hand- U and IWI 

are of the order of 0.03 eV the amount of disorder has to be very 

large to arrive at the conjectured value of 0.3 eV. 

However, some questions remain to be answered. Firstly, the very 
-I large values of ar

0 
are rather surprising. Since a reflects the 

Bohr radius of the localized s-state, such values would indicate an 

extremely streng localization. Secondly it can be seen from table 

4.1 that the values of ar
0 

become slightly smaller with increasing 

values of x. In view of the fact that a is directly related to the 

amount of disorder [44] this should certainly not be expected. 

Several arguments may be put forward to account for these features 

of the experimental data, which may not be explained within the 

standard theories of variabie range hopping. For instance, electron

electron interactions may affect the conduction. It has been argued 

by Mott that also in the presence of these interactions variabie 
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range hopping may be expected. In such a case the values of a should 

be increased (cf. sectien 4.4.3). Another argument is the fact that 

the theory is applied to the 3d states of iron, whereas it is princip

ally derived for s-states. Finally it has to be mentioned that same

times it is questioned, whether a l/4 behaviour of the conductivity, 

which is aften observed in amorphous materials in a certain temperature 

region, may in all these cases be uniquely ascribed to the phenomenon 

of variabie range hopping outlined in sectien 4.4,1. 

For all compositions except x = 1 a linear part in the logo vs 

1/T plot can be distinguished at temperatures above T = Tc(x). 

Consequently the conductivity in this region may be described by 

formula (52). The values of E
0 

have been plotted in figure 4.10. 

Possibly apartfroman activatien energy of about 0.05 eV, which is 

observed in pure magnetite, and which has been discussed already in 

chapter III, the activatien energies are expected to be directly 

related to the disorder induced by titanium substitution. In that case 

the resulting values of E
0 

may be interpreted on the basis of the 

theory outlined insection 4.4.1. E
0 

should for the greater part find 

its orLgLn in a disorder energy Wd as in equation (23). Consequently 

E should reflect the energy differences <IE -E I + IE -EFI + IE l)/2 a m n m n 
from equation (22) between all nearest neighbour sites m and n which 

the electron bypasses during its "walk" through the crystal. The 

increase of E
0 

with x indicates that these energy differences increase 

with the titanium content. This is clearly in agreement with what 

should be expected on the basis of the model as outlined in sectien 

4.3. In the first place one may expect that, if the ions are not 

completely short range ordered, an increasing amount of titanium ions 

will increase the average energy differences IE -E I between two m n 
neighbouring sites m and n. Secondly, since titanium substitution 

simultaneously achieves the increase of the number of conduction 

electrans and the decrease of the number of available sites, the 

Fermi energy will be raised with respect to the average site energy. 

This will lead to an average increase of 1. Thirdly, by sub-

stitution of titanium ions the number of possible paths will be 

diminished, which results in an.increasing number of "hard" hops 

to be made. 
-1 

At still higher temperatures deviations from the T behaviour 

occur. For low titanium concentrations the slopes of the logo vs 1/T 
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curves decrease, whereas for high x - values the slopes increase. 

For x= 0.4 to 0.6 no deviations from a straight line are observed, 

In view of this it is not expected that the changes in the activation 

energies indicate the appearance of polaronic effects, which may be 

expected in the case of strong electron phonon interactions. Rather 

we think, regarding the fact that all the conductivity curves seem 

to lead to an almost common intercept on the loga axis, that this 

behaviour points to a conduction mechanism which is -at high temper

atures- identical for all samples, possibly invalving excited states, 

This point of view is corroborated by the high temperature thermo

electric power measurements, which, as mentioned above, also show a 

striking similar behaviour. 

4.17. Proposed energy level saheme for Fe3_xTix04 as function 

of x. The dashed line denotes the approximate location 

of the Fermi level. 

It should be noted that with one exception all the measurements 

outlined above may be very well explained on the basis of a single 

density of states, not making any distinction between A- and B-sites. 

Only the thermoelectric power data below room temperature may not be 

explained within such a model. However, one should note that this 

picture is in clear contradiction with the cation distribution in 

samples with low titanium concentrations. Especially the distribution 
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in magnetite is well established and it indicates that for this 

composition the B-site density of states has to be located well below 

the A-site energies. 

In view of the analysis given above we arrive at an approximate 

energy level scheme for Fe3_xTixo4 as sketched in figure 4.17. It 

incorporates the fact that for low values of x the A- and B-site 

energies are well separated from each other and the density of states 

have only a small width in energy. As x increases the spread of the 

energies will become largerand from a certain value of x gA(E) and 

gB(E) are expected to overlap. Both the average A- and B-site energies 

will decrease somewhat for x > 0.5 (cf. the discussion at the end of 

section 3.5). The values of the Fermi energy are approximately given 

by the dasbed line. The average transport level is for x ~ 0,6 

supposed to be located within the B-site density of states close to 

the edge. 

Finally, we should like to emphasize that in spite of some 

unexplained features our data on titanomagnetite are clearly in 

favour of a localized electron model. The gradual changes of the 

experimental data as a function of the titanium concentratien suggest 

that no significant deviations from this localized behaviour occur. 

This should indicate that even for a description of the conduction 

behaviour in pure magnetite above Tv a localized electron model 

would be a suitable starting point. 

4.7. Same additionaZ experiment& 

4.7.1. The influence deviations from oxygen stoiehiometry 

To get some information about the influence of deviations from the 

oxygen stoichiometry upon the electrical conductivity we performed 

some additional experiments on single crystals with the composition 

Fe2•4ri0 _6o4• By means of eo2-H2 gas mixtures two specimens, which 

were cut from the same badge, were annealed during 20 h at 1200 °e in 
-8 5 -10 5 partial oxygen pressures of 10 • and 10 • atmosphere, respectively. 

Only very small differences were found in the conductivity of these 

two samples in the temperature region from liquid nitrogen to 100 °e. 
Also a larger period of annealing (70 h) yielded no differences. To 
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check whether the oxygen content was really altered by this procedure 

one of the samples was annealed during 20 h at 1200 °C in a partial 

f I 0-l I. 
2 h . h . • . d h . 1 . 1 oxygen pressure o atm w Lc LS JUSt outsL e t e spLne SLng e 

phase region (cf. figure 2.2). This specimen showed a considerable 

phase segregation which by means of X-ray diffraction was established 

to be FeO. 

From these experiments one may conclude that for Fe2•4Ti0 • 6o4 and 

probably for the whole mixed series -with the exception of magnetite 

below the Verwey transition and ulvÖspinel- the presence of vacancies 

has hardly any influence on the electrical conductivity. This may 

easily be explained on the basis of the proposed model. Indeed it 

should nat be expected that a small amount of vacancies will 

significantly influence the amount of disorder. Since the conductivity 

is largely determined by the amount of disorder it should also hardly 

be influenced by these vacancies. 

4.7.2. The influence of quenching 

It has been argued above that the activatien energy E
0 

determined from 

the linear part of the logo vs 1/T curve may be interpreted as a 

disorder energy Wd (cf. equation (23)) and this activatien energy 

should therefore be directly related to the amount of disorder among 

the titanium ions. This should imply that by changing the degree of 

short range order among the titanium ions. also E
0 

will be changed. 

It may be expected that at high temperatures -for instanee near the 

melting point- the titanium ions will be substantially more random

ized than at low temperatures. By slowly cooling from high temperatures 

one will obtain the equilibrium distribution corresponding with the 

temperature at which the ions are just still mobile, However, by 

queuehing from high temperatures it should be possible to freeze-in 

an equilibrium distribution corresponding with a much higher temper

ature. In this way a difference in the amount of short range order 

among the titanium ions might be established which should be reflected 

in the activatien energies E
0

. 

To check whether such changes could be induced in titanomagnetite 

a single crystal of about 5 cm length with the composition Fe2•6Ti0 •4o4 
was sealed in a silica tube filled with argon (0.25 atm.). To avoid 
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the penetratien of impurities the crystal was wrapped in platinum. 

During 20 h the silica tube was annealed at 950 °e and hereafter the 

sample was quenched by plunging it into water. The quenched single 

crystal was cut in two pieces. One of these two samples was sealed 

again in an evacuated silica tube. This specimen was annealed, 

respectively, during 1.5 h at 850 °e, during 1,5 h at 750 °e and 

during 30 h at 650 °e. Hereafter the sample was cooled to room 

temperature with a rate of 6 °e/h. On both samples conductivity 

measurements were performed in the temperature region from liquid 

nitrogen toabout 100 °e. The results are plotted in figure 4.18. 

-l. 
quenched 

-s2L_~_i __ L_~6~~~s--L_~,o~l_~,~2_J~,, 

103/T IK-11 

Fig. 4.18. 

Conductivity of two specimens 

of Fe 2. 6Ti0_4o4 as function 

of the inverse temperature; 

o sZowZy cooZed to room 

temperature; 

• quenched from about 950 °C. 

The data show an increase of the activatien energy from 0,091 eV for 

the slowly cooled specimen to 0. 108 eV for the quenched sample. In 

our opinion this may be ascribed to a decrease of the amount of short 

range order among the titanium ions induced by the queuehing process, 

which is directly related to an increase of the activatien energy Wd. 

The results may also explain part of the differences between the 

conductivity data of samples with the same composition. Slightly 

different cooling conditions after annealing may be responsible for 

the observed deviations. 
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4.8. Conc~usions and remarke 

The results of the analysis of the conduction measurements as outlined 

in this chapter may be summarized as fellows. 

All the measurements on the mixed series Fe3_xTixo 4 indicate that 

the electrens are in localized states and that conduction takes place 

by thermally activated tunneling between these states. The conduction 

is governed by electron-electron and electron-titanium interactions 

leading to a randomization of the site energies. The overall behaviour 

is found to be well described by the Hamiltonian proposed in section 

4.3. However, the magnitude of the interaction parameters remains an 

unsolved problem, although values of U, and lwl between 0.03 and 

0.1 eV seem to be reasonable. 

A major point of interest is the relative contribution of the A- and 

B-sites to the electrical conduction. We arrived at the following 

model. At low titanium concentrations the A- and B-site energies are 

well separated from each ether by an amount of about 0.1- 0.2 eV. 

Due to titanium substitution both the B-site and the A-site density 

of states will be broadened significantly and from a certain value 

of x they are expected to overlap. Furthermore, we found evidence 

that conduction takes place preferently over B-sites. 

The conductivity measurements may largely be analysed on the basis 

of the theory of hopping conduction in disordered systems, although 

there remain some unexplained features. In our apinion these may be 

ascribed to the fact that the theory of conduction in disordered 

systems, which has been developed principally for s-states, is not 

capable to explain complete~y the behaviour of 3d-electrons with 

streng inter-electron interactions. Nevertheless it has been shown 

that -essentially- the theory is applicable for such a system. 

On the basis of the ideas outlined in this chapter we will camment 

on some experimental results on titanomagnetite reported by other 

investigators. 

First of all we will discuss the MÖssbauer measurements performed 

by Jensen and Shive (cf. section 4.2). They found for low titanium 
2.5+ 3+ concentrations (x ~ 0.2) apart from the Fe and Fe spectrum, 

which is also found in magnetite, an Fe2• 3
+ spectrum. Within our 
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model this may be explained quite naturally by consiclering a Ti4+-ion 

together with its six nearest neighbours. For the compositions under 

consideration generally all these neighbours will be iron ions, whose 
. . hb . · 4+ • 1 energLes, due to the neLg ourLng T1 -1on are owered by an amount 

IWI. Therefore it is advantageous for an electron to occupy one of 

these sites. However, accupation of such a site by an electron raises 

the energies of the surrounding ions by an amount U(U ~ -W) and the 

energy of the remaining sites in this cluster will be equal to that 

of all the other sites in the specimen. In this way each Ti4+-ion is 

capable to bind two electrons, one in each tetrahedron. The other 

electrous may hop freely over all the sites and thus the six sites 

next to a Ti4+ will on the average be occupied by four electrous 

leading to Fe2• 3+ while of the remaining iron ions each two sites 

will be occupied on an average by one electron -as in magnetite

leading to Fe2• 5+. As the titanium content increases a titanium ion 

will generally not be any longer surrounded by six iron ions and this 

picture does not hold anymore. 

Another point of interest is the behaviour of the magnetization 

as function of the temperature. Akimoto et al. [I] found that the 

magnetization of samples with x < 0.6 showed a normal temperature 

dependenee while for x > 0.6 a magnetization curve as in figure 4.3 

is found. Such a behaviour is generally ascribed to a very large 

anisotropy or to different sublattice magnetizations of the A- and 

B-sites. We suggest another possible explanation. It can be shown 

directly from the general formula for titanomagnetite (5) that if y 

denotes the number of thermally excited electrens at a temperature 

T from B- to A-sites then for the difference in the magnetizations 

holds: M(T) M(O) 2yvB' where VB is a Bohr - magneton. If now, the 

A-site energies are not raised far above the B-site energies then 

-even at rather low temperatures- y ~ 0 and will, of course, increase 

with temperature. This will lead directly to the temperature dependenee 

of the magnetization as found by Akimoto. For x S 0,5 such a behaviour 

would be absent as for these compositions the Fermi level lies within 

the B-site density of states and excitation to A-sites will hardly 

occur at not too high temperatures. 
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CHAPTER V 

GENERAL CONCLUSIONS 

The present investigation on the electrical conduction in the mixed 

series Fe
3
_xTixo

4 
consists of two separate parts. 

The behaviour of magnetite below the Verwey transition has been 

investigated by means of conductivity, thermoelectric power and 

optical absorption measurements. It has been demonstrated that the 

Seebeck coefficient below Tv is strongly influenced by the oxygen 

content and by impurities, whereas these deviations from stoichiometry 

have only a small influence upon the electrical conductivity. Both 

thermoelectric power and conductivity measurements may be explained 

quite well by assuming that the ordering of the electrous in the 

low temperature phase is accompanied by the creation of a gap in the 

density of states. On the basis of a simple model a gap width of 0.10 

- 0.12 eV has been deduced. The optical measurements on nearly 

stoichiometrie magnetite samples reveal two phenomena not reported 

before. Towards lower temperatures the optical absorption decreases 

suddenly at the Verwey transition. Furthermore, in the low temperature 

phase the phonon spectrum shows a splitting of the phonon bands. Both 

phenomena should largely be expected on the basis of most of the 

existing models for magnetite. However, the existence of a gap at 

about 0.1 eV could not unambiguously be established. Therefore it 

should be worthwhile to perform optical measurements on a nearly 

stoichiometrie magnetite single crystal. 

The behaviour of the mixed series, including magnetite above the 

Verwey transition, has investigated by means of thermoelectric power 

and conductivity measurements. The data indicate that in titano

magnetite -even at low titanium concentrations- the electrous are in 

localized states and that conduction takes place by phonon assisted 

tunneling between these states. The observed behaviour may for a large 

part be explained on the basis of the theory of hopping conduction 

in disordered systems. It was found that for high titanium concen

trations the A- and B-site energies are not significantly separated 

from each other and may even overlap, Furthermore we found some 

evidence that hopping takes place preferently between B-sites. The 

overall behaviour appears to be satisfactorily described by the 
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model Hamiltonian outlined in sectien 4.3. 

Finally we should like to note that a similar behaviour as in 

titanomagnetite has also been observed in several ether 3d-metal 

oxides. The conduction of these compounds has generally not been 

interpreted on the basis of the theory of hopping transport in 

disordered systems. However, as ~1entioned above, our analysis 

indicates that this theory should be a suitable starting point for 

a description of the conduction of these oxides. In view of the fact 

that the conditions in crystalline systems are much more easy to 

control than in amorphous and heavily doped materials we think that 

investigations on these oxides may contribute to a 

better understanding of the electrical conduction in disordered 

systems. 
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SUMMARY 

The investigation described in this thesis on the electrical conduction 

in the mixed series Fe3_xTixo4 actually consists of two parts. One part 

is devoted to the mechanism of the electrical conduction in magnetite 

below the Verwey transition. The other part is concerned with the 

actual mixed series including magnetite above the Verwey transition. 

The experimental werk consisted mainly of thermoelectric power and 

conductivity measurements from liquid nitrogen temperatures to about 

1000 K. Besides, optical absorption measurements have been performed 

on some compositions. 

After a short introduetion and a review of the crystallographic 

structure, in chapter II the experimental techniques have been dis

cussed. The preparatien of the single crystals and some details of 

the measuring equipments are described in this chapter. 

In chapter III the investigations on magnetite below the Verwey 

transition are outlined. The measurements reveal that small .deviations 

from the oxygen stoichiometry and a minor substitution of titanium 

ions have a considerable influence on the thermoelectric properties, 

whereas in the conductivity only small changes are observed, The 

results may be interpreted on the basis of a simple model. This model 

is based upon the assumption that at the Verwey transition a gap is 

created in the density of states with an equal number of states above 

and below the gap. The gap width may be determined from the thermo

electric power measurements and amounts toabout 0.10-0.12 eV. 

Combining this result with the conductivity data the values for the 

mobility can be deduced. The mobility appears to be thermally activated 

with an activatien energy of about 0.07 eV and a value of~ 0.02 cm2/V.s 

at 120 K. These results have been compared with the predictions of a 

number of existing theories. The optical absorption measurements on 

powdered single crystals in the temperature range from liquid nitrogen 

to room temperature reveal rather drastic changes at the Verwey 

transition. However, it is not clear to what extent these changes are 

related to the creation of a gap. The pbonon-spectrum showed a 

splitting-up of absorption bands below the Verwey transition. 

In chapter IV the conductivity measurements on the mixed series 

Fe 3_xTixo4 are discussed. The measurements have been performed on 

eleven compositions with values of x varying with steps of 0.1 from 0 
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to I. To describe the behaviour of the electrical transport properties 

a model Hamiltonian has been proposed in which the electron-electron 

and the electron-titanium interactions have been taken into account. 

On the basis of this Hamiltonian some considerations on the density 

of states and the electron distribution have been given. Conduction 

appears to proceed via thermally activated tunneling between localized 

states (hopping). The behaviour has been interpreted on the basis of 

the theory of hopping conduction in disordered systems. The data 

indicate that also in pure magr:etite above the Verwey transition the 

electrans are in localized states. Within the spinel single phase 

region the conductivity in the mixed series appears to be nearly 

independent of the oxygen content, whereas considerable differences 

have been observed between the conductivity data of quenched and 

slowly caoled single crystals of the same composition, These results 

may be quite well explained within the proposed model. 
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SAMENVATTING 

In dit proefschrift worden twee afzonderlijke onderzoeken naar de 

elektrische geleiding van de mengreeks Fe3_xTixo 4 beschreven. Het ene 

onderzoek betreft het elektrisch geleidingsmechanisme in magnetiet 

(Fe
3
o

4
) beneden de Verwey overgang. Het andere onderzoek is gewijd aan 

de eigenlijke mengreeks met inbegrip van magnetiet boven de Verwey 

overgang. Het experimentele gedeelte betreft in hoofdzaak thermokracht

en geleidingsmetingen vanaf vloeibare stikstof temperatuur tot ongeveer 

1000 K. Daarnaast is van sommige samenstellingen de optische absorptie 

gemeten. 

Na een korte inleiding en bespreking van de kristallografische 

struktuur wordt in hoofdstuk II een overzicht gegeven van de experimen

tele technieken. De bereiding van de eenkristallen en de opbouw van de 

meetopstellingen komen hier aan de orde. 

In hoofdstuk III wordt het onderzoek aan magnetiet beneden de 

Verwey overgang besproken. De metingen tonen aan dat kleine afwijkingen 

van de zuurstofstoichiometrie en een geringe substitutie van titaan

ionen een aanzienlijke invloed hebben op de thermokracht terwijl de 

geleidbaarheid relatief weinig verandert. De resultaten kunnen worden 

geÏnterpreteerd op basis van een eenvoudig model. Bij dit model wordt 

er vanuit gegaan dat bij de Verwey overgang een gap ontstaat in de 

toestandsdichtheid met een gelijk aantal toestanden boven en onder 

de gap. De breedte van de gap, die uit de thermokrachtmetingen kan 

worden afgeleid, bedraagt ongeveer 0.10- 0.12 eV. Op basis van dit 

resultaat in combinatie met de geleidbaarheidsmetingen is af te 

leiden dat de beweeglijkheid van de ladingsdragers thermisch geacti

veerd is met een activeringsenergie van~ 0.07 eV en een waarde van 

~ 0.02 cm2/V.s bij 120 K. Aan de hand van deze resultaten zijn een 

aantal bestaande theorieën voor het geleidingsmechanisme in magnetiet 

getoetst. De optische absorptiemetingen aan verpoederde eenkristallen 

in het temperatuurgebied van vloeibare stikstof tot aan kamertemperatuur 

gaven vrij drastische veranderingen bij de Verwey overgang te zien. Het 

is echter niet duidelijk in hoeverre deze veranderingen samenhangen met 

het ontstaan van een gap. Het fononenspectrum gaf beneden de Verwey 

overgang opsplitsingen van absorptiebanden te zien. 

In hoofdstuk IV worden de geleidingsmetingen aan de mengreeks 

Fe 3_xTixo 4 besproken. De metingen zijn uitgevoerd aan elf samen-
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stellingen met x variërend van 0 tot I met stappen van O.I. Voor de 

beschrijving van het gedrag is een model-Hamiltoniaan opgesteld, 

waarin de wisselwerkingen tussen de electronen onderling en tussen 

de electronen en de titaanionen is opgenomen. Op basis van deze 

Hamiltoniaan worden enige beschouwingen gegeven over de toestands

dichtheid en de verdeling van de electronen. De geleiding blijkt plaats 

te vinden via thermisch geaktiveerd tunnelen van de electronen van 

de ene gelocaliseerde toestand naar de andere (hoppen). Het gedrag is 

geÏnterpreteerd op basis van de theorie voor hopping-geleiding in 

wanorde systemen. De metingen wijzen erop dat ook in zuiver magnetiet 

boven de Verwey overgang de electrenen zijn gelocaliseerd. De geleid

baarheid in de mengreeks blijkt -binnen het eenfase gebied- nagenoeg 

onafhankelijk te zijn van de zuurstofinhoud, terwijl aanzienlijke 

verschillen worden waargenomen tussen gequenchte en langzaam afgekoelde 

eenkristallen van eenzelfde samenstelling. Deze resultaten zijn goed 

verklaarbaar binnen het voorgestelde model. 

Het in dit proefschrift beschreven onderzoek is uitgevoerd binnen het 

kader van het onderzoekprogramma van de groep fysische materiaaZkunde. 

Aan het tot stand komen van dit proefschrift hebben velen meegewerkt. 

Verschillende (ex-)studenten, in het bijzonder M.P.G.M. Verheggen, 

leverden een belangrijke bijdrage aan het verzamelen en ve~»erken 

van de meetgegevens. 

- De bereiding van de eenkristallen was in handen van ing. J. Klerk 

en L.M.A. de Bont. 

-Voor de technische assistentie ben ik W.G. van der Vleuten zeer 

erkentelijk. 

- Het typewerk werd verzorgd door mevr. A.M. Rijpkema, het tekenwerk 

door mej. M.C.K. Gruijters. 

Dank ben ik verschuldigd aan dr. ir. K. Kopinga voor het kritisch 

doorlezen van het manuscript. 

Dr. ir. V.A.M. Brahers dank ik voor de prettige en stimulerende 

samenwerking. 
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STELLINGEN 

I 

De in de literatuur gerapporteerde tegenstrijdigheden aangaande het 

teken van de Seebeck-coëfficiënt in magnetiet beneden de Verwey 

overgang kunnen worden toegeschreven aan geringe afwijkingen van 

de stoichiometrie. 

Dit p:roefsahrift, hoofdstuk III. 

II 

De manier, waarop door Stijntjes et al. de dissociatieënergie van 

een Ti4+-Fe2+ paar wordt bepaald, is aanvechtbaar. 

T.G.W. Stijntjes, J. Klerk, en A. B:roese van G:roenou, Philips 

Res. Repts. 25, 95 (1970). 

III 

De door Herweijer et al. waargenomen absorpties in het gigahertz 

gebied in CsCoc1
3

.2H2o zijn door hen ten onrechte gelnterpreteerd 

als spincluster-resonanties. 

A. He:rweije:r, W.J.M. de Jonge, A.C. Botterman, A.L.M. Bongaa:rts, 

en J.A. Cowen, Phys. Rev. B ~. 4618 (1972). 

IV 

Het door Webster en Bright gegeven fasediagram voor het ijzer-titaan

zuurstof systeem is niet in overeenstemming met de faseleer, 

A.H. Webster en N.F.H. Bright, J. Am. Cer. Soa. 110 (1961). 

V 

De suggestie van Arai en Tsuya, dat het maximum in de magnetostrictie

temperatuur curve van gequencht CuFe2o4 een indicatie is voor een macros

copische Jahn-Teller overgang, is aan bedenkingen onderhevig. 

K.I. Arai en N. Tsuya, Phys. Status Solidi (b) ~ 547 (1974). 



VI 

De door Bhandage en Keer voorgestelde valentieverdeling in NiMn
2
o

4 
is niet in overeenstemming met metingen van de electrische geleid-

baarbeid en de thermokracht. 

G.T. Bhandage en H.V. Keer, J. Phys. C 1J25 (1976). 

VII 

De vraag naar het gezondheidsaspect van een bepaald voedingsmiddel 

1s alleen zinvol indien de samenhang met het totale voedselpakket 

in aanmerking wordt genomen. 

VIII 

Aan het streven naar integratie van de zwakzinnige binnen de maat

schappij dient vooraf te gaan, dat binnen het zwakzinnigeninstituut 

een normenpatroon wordt gehanteerd, dat aansluit bij het normenpatroon, 

zoals dat in het maatschappelijk verkeer gebruikelijk is. 

IX 

Teneinde de resultaten van de verschillende logopedische stotter

therapieën te kunnen beoordelen en vergelijken, is het zeer gewenst, 

dat wetenschappelijk gefundeerde evaluatiemethoden tot ontwikkeling 

worden gebracht. 

x 

De opschudding binnen de universitaire wereld over de invoering van 

een tijdcontrole systeem is op n minst bedenkelijk. 

Eindhoven, 26 mei 1978 A.J .M. Kuipers 


