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Cation distributions in the system Fe304-CoFe204 from 600 to 1300°C were calculated from high- 
temperature thermopower measurements on oxygen-stoichiometric specimens. Behavior is virtually 
identical to that in the Fe30,-MgFe204 system. Conductivity in Co,Fe3-X04 (x < 1) obeys the relation- 
ship 

cr = [de@ + e)]T-’ exp114.3 - 1475 T-‘(1 + i.l89x’)], 

where d and e are the octahedral Fe*+ and Fe)+ occupancies, respectively. o 1985 Academic press, IIIC. 

Introduction 

This study was undertaken to determine 
the relationship between the cation distri- 
bution and electrical properties in Fe304- 
CoFez04 at high temperature (600-1300°C). 
The valence state and distribution of transi- 
tion metal cations between sublattices in 
spinels is known to govern the electrical 
properties in situ, as well as the magnetic 
and electrical properties on cooling or 
quenching. This is of technological im- 
portance as cobalt is an important constit- 
uent of commercial magnetic ferrites. In 
addition, certain thermistor formulations 
involve cobalt and/or iron spinels (I). 
Electrochemical and photochemical appli- 
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cations involving cobalt ferrite electrodes 
are also conceivable (2). For such applica- 
tions, a thorough understanding of the cat- 
ion distribution, its temperature and/or time 
dependence, and its effect on the physical 
properties (e.g., electrical, magnetic) is 
essential. 

Divalent cobalt behaves like divalent iron 
in the spine1 lattice. The melting points of 
Fe304 and CoFe204 are quite similar (3). 
The diffusion coefficients of iron and cobalt 
in Fes04 are almost indistinguishable (4). 
The thermodynamic activity of Fe304 in 
the Fe304-CoFe*OA solid solution is very 
nearly ideal (5). One goal of this study was 
to evaluate the influence, if any, of cobalt 
substitution upon the iron cation distribu- 
tion thermodynamics. In a similar system, 
Fe304-MgFe204, a sizeable effect was ob- 
served (6). 

Anomalies in the system Fe304-CoFe204 
have been reported. In particular, Burriesci 
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FIG. 1. The 1200°C phase diagram for the system 
Fe-Co-O. The dash-dot line gives the approximate 
conditions for oxygen stoichiometry in the spine! 
phase. This diagram is taken from Ref. (9). 

et al. (7) recently demonstrated a marked 
Fe/Co surface segregation effect in cobalt 
ferrites. Yamada (8) observed large 
changes in the Seebeck coefficients of co- 
balt ferrite single crystals subjected to 24-hr 
high-temperature anneals. Similar effects 
were observed in the present study. It will 
be demonstrated, however, that these 
anomalies, attributable to surface cation 
segregation, can be avoided with special 
precautions. 

Phase Equilibria, Valence States, and 
Cation Distribution in Fe304-Co304 

FeX04-CoFe204 is a subsystem of the 
solid solution between Fe304 and Co304. A 
thorough review of the phase relationships 
in the system Fe-Co-O is given in Ref. (9). 
The 1200°C isotherm is shown in Fig. 1. 
The spine1 phase equilibrates with the mon- 
oxide at low oxygen pressures and the ses- 

quioxide at high oxygen pressures. It 
should be noted that equilibrium pressures 
exceed atmospheric for x > 1 in Co,Fej-,04 
or ncOl(nco + nFe) > 3. This composition 
corresponds to CoFe204. The present study 
was limited to x < 1 and the solid solution 
between Fej04 and CoFezOd. 

The shape of the spine1 region in Fig. 1 
is indicative of the predominant valence 
states. At no oxygen pressure is the solid 
solution continuous from FejOr to Co304. 
Instead, the spine1 region can be divided 
into two distinct regions at x = 1 (Co 
FezOJ. The spine1 between CoFezOd and 
Co304 (x 2 1) is stable over oxygen pres- 
sures where Fe3+ is the stable valence state 
in the Fe-O system (i.e., Fe,O,). This sug- 
gests that iron is predominantly trivalent in 
the range 1 < x < 3. In contrast, the spine1 
between Fe304 and CoFe204 (x < 1) is sta- 
ble over oxygen pressures where Co2+ is 
the stable valence state in the Co-O system 
(i.e., COO) This suggests that cobalt is pre- 
dominantly divalent in the range 0 < x < 1 
and that Co,Fe3-X04 (x 5 1) can be treated 
as a solid solution between Fe304 and Co 
Fe204. 

The cation distribution in Fe304-Co304 
has been estimated at one temperature by 
Pelton et al. (20) on the basis of phase 
boundary fitting techniques. The result, 
shown in Fig. 2, confirms the valence 
scheme outlined above. There is little or no 
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FIG. 2. The 1200°C cation distribution in CoXFes-,04 
after Ref. (10). Octahedral species are enclosed in pa- 
rentheses. 
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FIG. 3. Thermodynamic equilibrium plots for the 
cation distribution in CoFezOl after the models of (a) 
Navrotsky and Kleppa (Ref. (15)), and (b) O’Neill and 
Navrotsky (Ref. (12)). Data from Refs. (13, 14). 

Fe*+ for compositions with x: > 1 and little 
or no Co3+ for compositions with x < 1. 
Only in the vicinity of CoFe204 (x = 1) do 
all eight species need to be taken into ac- 
count. 

The cation distributions in the end mem- 
bers, Fe304 (II, 12) and CoFe20d (13, 14), 
are well established as a function of temper- 
ature. Two thermodynamic models have 
been employed to describe the temperature 
dependence of the equilibrium: 

A*+ + (Fe3+) e (A*+) + Fe3+; 
KA _ DY2’)1[Fe3+l tlj 

CD - [A2+][(Fe3+)] 

which describes the exchange of species be- 
tween tetrahedral (open) and octahedral 
(enclosed in parentheses) sites. The diva- 
lent species A*+ is either Fe*+ or Co*+. Ac- 
cording to the model of Navrotsky and 
Kleppa (15), the temperature dependence 
of K& is given by 

-RT In K&J = &tl& - TM&, (2) 

where AH& and AS& are the enthalpy and 
nonconfigurational entropy of disorder. 
More recently, O’Neill and Navrotsky (22, 
16) developed the expression 

-RT In K& = Q + 2/3[Fe3+], (3) 

where [Fe3+] is the concentration of triva- 
lent iron on the tetrahedral sublattice, p is a 
constant typically -20 + 5 kJ/mole for 2+/ 
3+ spinels, and (Y is approximately the same 
magnitude, but with opposite sign. In Figs. 
3a and b the data for CoFe204 are plotted 
according to Eqs. (2) and (3), respectively. 
Thermodynamic constants derived from 
these plots are given in Table I. Values for 
Fe304 (II, 12) and MgFe204 (6) are listed 
for comparison. With the exception of the (Y 
term, CoFe204 closely resembles Fe304, 
These thermodynamic parameters will be 
used to analyze the cation distributions in 
the Fe304-CoFe204 solid solution. 

TABLE I 
CATION DISTRIBUTION THERMODYNAMIC CONSTANTS 

Spine1 

Fed& 
CoFezOa 
MgFeQ 

NavrotskyIKleppa model O’NeilUNavrotsky model 

W &J/mole) AS” (J/mole . K) (Y (kJ/mole) @ (kJ/mole) 

-23.0 -13.4 24.3 -23.0” 
-22.8 -18.3 35.0 -25.9 
-14.4 -4.0 17.4 -16.4 

a Plus a nonconfigurational AS” = -3.27 J/mole . K. 
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Electrical Behavior and Nonstoichiometry 
in Fe304-CoFez0d 

An abrupt change in electrical properties 
at x = 1 (CoFe*Od is well established (27, 
18). This can be rationalized on the basis of 
the change in cation distribution at x = 1 in 
Fig. 2. For compositions with x < 1, small 
polaron hopping between Fe2+ and Fe3+ 
takes place. Conductivities are high (>10P3 
(a cm)-‘) and activation energies are low 
(~0.2 eV). Thermopower is negative, with 
absolute value decreasing away from the 
CoFezOd composition. For compositions 
with x > 1, however, no Fe*+ exists so that 
another conduction mechanism is opera- 
tive. Conductivities are low (~10~~ (a 
cm)-‘) and activation energies are high 
(-0.5 eV). Thermopower is positive with 
large absolute value (400-800 wVPK). 

Numerous studies have been made of 
room temperature or slightly elevated tem- 
perature (RT - 1000 K) electrical prop- 
erties in Fe304-CoFe204. These may 
be grouped according to the specimens 
employed-coarse-grained polycrystalline 
samples (Z9-2Z), ultrafine polycrystalline 
compacts (18, 22, 23, or single crystals 
(8, 24). The concensus of these studies is 
that conduction is via electron hopping be- 
tween octahedral Fe2+ and Fe3+ with an ac- 
tivation energy in the range 0.1-0.2 eV. 
Conductivity decreases continuously from 
a maximum value of -200 (a cm)-* at x = 0 
(Fe304) while thermopower, which is nega- 
tive throughout, increases continuously in 
absolute value from Fe304 to CoFe204. Gil- 
lot (23) found that low-temperature (O- 
200°C) thermopower on stoichiometric, 
finely divided powder compacts fit the 
model developed by one of the authors 
(25). High-temperature electrical studies of 
the solid solution have not been reported. 

In contrast, the high-temperature electri- 
cal properties of magnetite are well estab- 
lished (II, 26). Wu and Mason (II) derived 
the cation distribution versus temperature 

from single-crystal thermopower measure- 
ments. This information was later em- 
ployed to analyze precise conductivity 
measurements on stoichiometric and non- 
stoichiometric single crystals (26). An octa- 
hedral small polaron conduction process 
was confirmed with an activation energy of 
0.11 eV. Conductivity was insensitive to 
oxygen pressure variations over much of 
the stability range. From the variations at 
high oxygen pressure, vacancy formation 
constants were calculated which agreed 
well with those derived thermogravimetri- 
tally (27). 

Nonstoichiometry in Fe304 solid solu- 
tions is due to iron interstitials at low oxy- 
gen pressures and iron vacancies at high 
oxygen pressures (4, 27). Dieckmann (27) 
gives the following abbreviated form for 
the deviation from stoichiometry (6) in 
Fe3-s04: 

fj = [Fe2+13 Kv . $3 -. 
[Fe3+12 02 

[Fe3+12 

where Kv and KI are the vacancy and inter- 
stitial constants, respectively, uo2 is the ox- 
ygen activity, and [Fe2+] and [Fe3+] are the 
overall cation concentrations per lattice 
molecule. Following the procedure already 
employed for the Fe304-Fe2Ti04 solid solu- 
tion (28, 29), Eq. (4) can be modified as fol- 
lows: 

6 = t(l - x)~ * Kv - a;; 
- 4(1 - x)-~ * KI * aor, (5) 

where x is the cobalt content in Co,Fe,-, 
04. By setting 6 = 0, Eq. (5) can be solved 
at each value of x for the uo2 corresponding 
to stoichiometry. Utilizing the defect con- 
stants supplied by Dieckmann (27), the 
stoichiometric 1200°C isotherm was calcu- 
lated and superimposed on Fig. 1. 

A questionable assumption in the proce- 
dure above is that the defect constants are 
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FIG. 4. Defect concentrations (a) and nonstoi- 
chiometry (b) in Co0.rFe2.604 based upon coulometric 
titration data (Ref. (30)). The curve is calculated ac- 
cording to Eq. (6) (see text). 

independent of composition. To test this 
hypothesis, coulometric titration data of 
Sockel (30) at 1200°C for the composition 
Co0.4Fe2.604 were analyzed following the 
procedure outlined in Ref. (27). Equation 
(4) must be modified as follows: 

6 = (I - x - 36)3 . K” . a2/3 
(2 + 26)2 02 

(2 + 25)2 - 
(1 - x - 36)3 

. K, * a$'! (6) 

The Sockel data (30) and the curve calcu- 
lated from Eq. (6) are shown in Fig. 4b. The 
individual defect concentrations are given 
in Fig. 4a. Co0.,+Fe2.604 is stoichiometric at 
a02 = 10-6.5. This compares with ao2 = 
10-5.9 calculated from Eq. (5) assuming the 
defect constants to be independent of com- 
position. From Fig. 4 the defect constants 
at 1200°C in Co0.4Fe2.6G4 are Kv = 22.5 and 
Kt = 1.3 x lo-to as compared to Kv = 20 
and KI = 8 x lo-r0 in Fe304 (27). Neither 
Kv nor KI vary significantly with cobalt 
content, as assumed. 

The effect of nonstoichiometry on con- 
ductivity and thermopower in Co,Fe3-,04 
can be explained with the aid of Fig. 4. 
Conductivity is proportional to the product, 
whereas thermopower is proportional to 
the ratio, of [(Fe3+)] and [(Fe2+)] on the oc- 
tahedral sublattice (25, 26). Neither varies 
significantly with oxygen pressure as long 
as 161 I 10p3. This condition encompasses a 
range of oxygen pressures extending from 
the phase boundary with monoxide up to 
2.5 log ao2 units from the phase boundary 
with sesquioxide. All measurements in the 
present study were made in this “plateau” 
region. Gas compositions were chosen to 
approximate the conditions of stoichiome- 
try (6 = 0) in Fig. 1. 

Experimental 

Polycrystalline specimens with the com- 
positions x = 0, 0.2, 0.4, 0.6, and 0.8 in Co, 
Fe3-,04 were sintered from powders pre- 
pared by resin intermediate method (31). 
Starting materials were reagent grade iron 
and cobalt nitrates, citric acid, and ethylene 
glycol. Solutions were gelled on a hot plate 
and subsequently calcined at 600-700°C 
overnight. The powders were then ground 
with mortar and pestle prior to reduction at 
700°C for 2 hr under C02/C0 reducing at- 
mospheres. The gas compositions for this 
and all subsequent anneals were COKO = 
100 for x = 0, 0.2, and 0.4, and CO&O = 
1000 for x = 0.6 and 0.8. Pellets were 
pressed and sintered to 90-96% theoretical 
density at 1300°C for 5 hr. X-Ray diffrac- 
tion showed single-phase spinels at every 
composition. Quantitative chemical analy- 
sis confirmed the target compositions to 
within experimental uncertainty, and that 
no composition changes occurred during 
experiments. Rectangular bar specimens 1 
x 1 x 15 mm were cut from sintered pellets 
with a diamond saw. The experimental fur- 
nace was a Sic-heated alumina muffle fur- 



HIGH-TEMPERATURE PROPERTIES OF Fe304-CoFe204 47 

nace capable of -+l”C temperature control. 
COJCO commercial premixtures were 
passed over the samples at -1 linear cm/ 
sec. 

A description of the thermopower/con- 
ductivity apparatus is given elsewhere (32). 
The design given in Ref. (32) was slightly 
modified to position two Pt 6 Rh/Pt 30 Rh 
thermocouples on each side of the speci- 
men. A small pressure was supplied by a 
spring to hold the sample in place. The sam- 
ple holder was then positioned off the hot 
zone in the muffle furnace to achieve 
steady-state gradients of 15-20”Clcm along 
the specimen. With carefully matched ther- 
mocouples, this provided six thermal emf’s 
and the corresponding six AT measure- 
ments for a thermopower plot. The four 
thermocouples were averaged to give the 
experimental temperature. Following the 
thermopower measurement, small micro- 
ampere currents were passed in both direc- 
tions between the outer thermocouples, 
and the emf average across the inner ther- 
mocouples was used to calculate sample 
conductivity. In this way, the thermal 
emf’s were subtracted out. Conductivity 
was corrected for the percentage theoreti- 
cal density. Thermopower was corrected 
for the Seebeck coefficient of the Pt 6 Rh 
common leads. Order of magnitude in- 
creases in ao2 at high temperature 
(- 1200°C) resulted in no significant 
changes in electrical properties. This was 
taken as confirmation of the stoichiometric 
plateau referred to previously. 

Electrical measurements were made in 
-100°C increments from 1300°C down to 
600°C and then back to 1300°C. Readings 
were recorded after thermal voltages were 
stable (*2 pV) over 30 min. This was 
thought to indicate both cation distribution 
and oxygen equilibrium. At the lowest tem- 
perature, specimens were held overnight 
without significant changes in the readings. 
These observations were valid for the x = 
0, 0.2, and 0.4 compositions only. At the x 

FIG. 5. Experimental thermopower in the system 
CoXFe3-,O.+. 

= 0.6 and 0.8 compositions, highly irrepro- 
ducible results were obtained. It was felt 
that these were related to cation surface 
segregation, as documented in Ref. (7). 
This effect could be avoided by holding at 
each new temperature only long enough to 
obtain thermal equilibrium. Using this rapid 
measurement procedure, reproducible re- 
sults were obtained for x = 0.6 and 0.8. 
Based upon kinetic studies in MnFe204 
(33), it was felt that cation distribution (Fe 
and Co) should have been achieved even at 
the lowest temperature. The data support 
this contention (see Fig. 5). Original data 
are given in the Appendix. 

Results and Cation Distribution Analysis 

Thermopower results are plotted in Fig. 
5. The choice of T-l for abscissa is predi- 
cated upon the nearly linear dependence 
exhibited. This enables interpolation and 
extrapolation to other temperatures than 
those where actual measurements were 
made. The data are virtually identical to 
those in the Fe304-MgFe204 system (6), as 
expected, except for the downturn at high 
temperature for x = 0.8. This anomaly will 
be addressed in the following discussion. 

It is interesting to note that the thermo- 
power data for x = 0 agree with our earlier 
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FIG. 6. Calculated cation distributions in the system 
Fe304-CoFe204 at (a) 12OO”C, (b) 9OOT, and (c) 600°C. 
Points for x = 0.8 at 1200°C based upon extrapolated 
thermoelectric coefficients (see Fig. 5). 

single-crystal studies (II) to within 3-4 pV/ 
K. Likewise, the conductivity data for x = 
0 agree with our earlier single crystal values 
(26) to within 8%. This was thought to be a 
good test of the influence of polycrystallin- 
ity on the electrical properties. 

The procedure for calculating the cation 
distribution from the thermopower data is 
outlined in Ref. (6). Site, charge, and mass 
balance equations are combined with the 
equilibria represented by Eq. (1) to solve 
for the site occupancies, a-f, per lattice 
molecule: 

Fe2+Fe~+Co2+(Fe~Fe3Coj+)O~. n c e (7) 

This results in the relationship 

KpD = 
b(b-7) 

(2 - 6) (x - b + Y)’ 
(8) 

where x is the cobalt concentration in Co, 
Fe3-,04, b is the tetrahedral Fe3+ concen- 

tration per lattice molecule, and 9 is the 
octahedral valence ratio: 

q = e/d = i exp(- Qek). (9) 

Although the thermopower, Q, uniquely 
defines q, a value of K& is still required 
to solve Eq. (8) for b and, therefore, the 
overall cation distribution. As mentioned 
previously, no data are available for Kp, 
in the solid solution, so Eqs. (2) or (3) were 
used, employing the thermodynamic fac- 
tors for CoFe204 in Fig. 3. The results were 
virtually identical whether K$$ # f(x) 
(Eq. (2)) or -RT In Kg = a + 2/3(b) (Eq. 
(3)) was employed. The latter case results 
are displayed in Fig. 6 for 1200, 900, and 
600°C. It can be seen that Kp, = (bdlae) 
changes dramatically across the solid solu- 
tion,’ as it did in the system Fe304-MgFe2 
O4 (6). This suggests that the O’NeilV 
Navrotsky model (Eq. (3)) is more appro- 
priate . 

The cation distributions in Fig. 6 are con- 
sistent with the findings of previous work- 
ers. The basic features are the same as in 
the 1200°C distribution for x 5 1 of Pelton 
and co-workers (10) in Fig. 2, with the ex- 
ception of the tetrahedral Fe*+ population, 
which declines more rapidly with x in our 
study. Franke and Rosenberg (34, 35) per- 
formed Mossbauer spectroscopy on cobalt 
ferrites air-quenched from 1200 to 1400°C. 
They obtained a reasonable fit to their octa- 
hedral site intensities by assuming a ran- 
dom mixture of inverse Fe304 and 24% dis- 
ordered CoFe204. This would correspond 
to somewhere between our 600 and 900°C 
distributions, allowing for the complete in- 
version of iron during quenching. Although 
kinetic studies are not available for cobalt 
redistribution, practical experience sug- 
gests that air cooling would result in signifi- 
cantly less cobalt disorder than achieved by 
Murray and Linnert (14) in water quench- 
ing from 1050°C ([Fe3+] = 0.365). The co- 

I Due to the fact that a = [Fez+] + 0. 
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balt distribution in the study of Franke and 
Rosenberg would, therefore, correspond to 
a lower temperature than 1050°C. 

Two studies (7, 20) suggest that the satu- 
ration magnetization in Fe304-CoFe204 is 
composition independent when air quench- 
ing is employed. This is consistent with the 
cation distributions in Fig. 6. It can be seen 
that the cobalt site occupancies are nearly 
linear functions of x, regardless of tempera- 
ture. Assuming total inversion of iron on air 
quenching (a = [Fe2+] + 0) the resulting 
distribution would be 

(Fe:+,Fe:=,,.,Cof:l-x~o))047 (10) 

where co is the degree of disorder in CoFez 
OS. Assuming colinear ferrimagnetic order- 
ing, this would correspond to a saturation 
magnetization: 

MS = 4 - X(1 - 4co) (11) 

in Bohr magnetons. It follows that for 25% 
cobalt disorder (co = 0.29, the saturation 
magnetization would be composition inde- 
pendent. This is consistent with the disor- 
der found in air-quenched Fe304-CoFe204 
(34, 35) and should correspond to an equi- 
librium temperature of approximately 
700°C. 

The 1200°C magnetite activity in the solid 
solution Fe304-Co304 was reported by Au- 
krust and Muan (5). Following the same 
procedure as for Fe304-MgFe204 (6), the 
free energy of mixing (AGm) can be calcu- 
lated from the 1200°C cation distribution in 
Fig. 6 using the relation 

AGm = -T A&, (12) 

where the configurational entropy is given 
by 

which sums over both species (i) and sites 
(s). Here nf is a site fraction and bs is the 
number of sites per lattice molecule (i.e., 

FIG. 7. Calculated vs measured (Ref. (5)) Fe30., ac- 
tivities in the Fe304-CoFe204 solid solution. 

btet = 1, boct = 2). We have neglected ex- 
cess enthalpy terms because there is negli- 
gible size mismatch between Co2+ and iron, 
and there is very little variation in b = 
[Fe3+] with composition. See Ref. (16) for a 
discussion of this procedure. Fe304 activi- 
ties were calculated from the tangents to 
the AGm curves. The results are compared 
with the curve reported by Aukrust and 
Muan (5) in Fig. 7. Agreement is quite sat- 
isfactory over 0 5 x : 0.8, however, a dis- 
crepancy occurs in the vicinity of CoFezOd. 
This may be associated with our model 
which assumes no Co3+ in the Fe304-CoFe2 
04 system and forces the activity of Fe304 
to zero at x = 1. Aukrust and Muan (5) 
detected a small magnetite activity in Co 
Fe204. More recent activity measurements 
in Fe304-CoFe204 (36) detected a slight 
negative deviation from ideality from x = 
0.6 to x = 1. These samples were equili- 
brated with sesquioxide, however, and 
should have smaller Fe304 activities due to 
oxidation. 

Conductivity Analysis 

Small polaron conductivity (c) obeys the 
following relationship (26, 37, 38) 

gNc’(1 - c’)e2u2uo 
(T= 

kT 
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FIG. 8. Conductivity analysis in Co,Fe3-,04 based 
upon small polaron theory. (a) Arrhenius plot, (b) acti- 
vation energies, (c) preexponential factors. 

where g is a geometrical factor, N is the 
density (cme3) of conducting sites, a frac- 
tion c’ occupied by carriers, and a fraction 
(1 - c’) of available sites, a is the jump 
distance (cm), v. is the lattice vibrational 
frequency responsible for conduction 
(see-l), EH is the activation energy for hop- 
ping, and the remaining terms (e, k, ZJ have 
their usual meanings. For an octahedral 
small polaron process, g = 1 and: 

N = N&d + e), (14) 

where NsP is the density of spine1 lattice 
molecules (cm-3), and d and e refer to the 
Fe*+ and Fe3+ octahedral occupancies (see 
Eq. (7)). It follows that c’ = d/(d + e) and (1 
- c’) = el(d + e). Substituting into and re- 
arranging Eq. (13) results in the expression 

In “we+ 

--= (15) 

It follows that an Arrhenius plot of ln[uT(d 
+ e)/de] vs T-i should have a slope of -EH/ 

k and an intercept of In Ao. Values for (d + 
e)/de were obtained from the thermoelec- 
tric coefficients as outlined above (see Fig. 
6). The conductivity results are plotted as 
required in Fig. 8a. Note that the ordinate 
scale has been shifted for each composition 
so that the data do not superimpose. The 
activation energies (Fig. 8b) and preex- 
ponential factors (Fig. 8c) do not change 
very much with composition. The composi- 
tion independence of A0 indicates that v. is 
not a function of composition. Since the lat- 
tice parameter is constant across the Fe304 
solid solution, NsP and a will also be con- 
stant. The value for v. calculated from A0 is 
7.5 x lOI see-I, which compares favorably 
with 6.7 x lOI set-’ reported for single- 
crystal Fe304 (26). Although microcracks 
and grain boundaries can significantly alter 
electrical conductivity in ceramics, the 
agreement between the polycrystalline 
results in the present study and previous 
single-crystal measurements provides some 
measure of confidence’ that bulk properties 
were being measured. 

A general expression can be derived for 
the high-temperature conductivity in Fe3 
04-CoFe204. In Fig. 8b the activation en- 
ergy was fit to the relationship 

EH = EH(X = O)[l + 1.189~~1. (16) 

The x = 0.2 value was not included in the 
fitting. In other ferrospinels, monotonic in- 
creases in EH with composition have been 
observed (6, 38). The x = 0.4, 0.6, and 0.8 
data fit nicely in Eq. (16). Substituting Eq. 
(16) into Eq. (15) and rearranging, the re- 
sulting conductivity expression is 

cr = [d&d + e)]T-’ 
exp[14.3 - 1475T-l(l + 1.189x2)1. (17) 

The term de/(d + e) must be calculated 
from the thermopower or from the data 
given in Fig. 6. With the exception of x = 
0.2, an excellent fit to the experimental con- 
ductivity is achieved. It was felt that the x 
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= 0.2 conductivity was lower than it should 
have been, possibly due to the microcrack- 
ing mentioned previously. As an alternative 
to the lengthy procedure of calculating the 
cation distribution from the thermopower, 
the following simplification can be made: 

de 441 - xko -z5 
d+e do(l - x) + eo’ (18) 

where do and et, represent the octahedral 
Fe2+ and Fe3+ occupancies in Fe304, which 
can be calculated according to the proce- 
dure given in Ref. (II). This assumes a lin- 
ear variation of d = [(Fe*+)] with composi- 
tion. 

Discussion 

The octahedral small polaron model ade- 
quately explains electrical behavior for 0 I 
x < 0.8 in CoXFe3-X04. It cannot, however, 
account for the downturn in thermopower 
at temperatures above 900°C for the x = 0.8 
specimen (see Fig. 5). It is interesting that 
the discrepancy between calculated and 
measured Fe304 activities occurs at ap- 
proximately the same composition (see Fig. 
7). This suggests that the presence of Co3+ 
could be accountable for both anomalies. It 
is well documented that conduction 
changes from n to p at x = I (CoFezOJ. 
Perhaps the p-type process is favored at el- 
evated temperatures. Additional studies 
would be necessary to resolve this issue. 

The irreproducibilities after lengthy an- 
neals of the x = 0.6 and x = 0.8 composi- 
tions were attributed to surface cation seg- 
regation. The interesting aspect of these 
anomalies is that conductivity was unaf- 
fected whereas thermopower was altered 
noticeably. This can be explained as fol- 
lows. Iron preferentially segregates to the 
surface, according to Burriesci el al. (7). 
This would result in a higher conductivity 
surface layer with a thermopower shifted 
toward that of Fe304. But since EH is only a 

weak function of x, and the preexponential 
factors are constants for Co,Fe3-,04, 
merely redistributing Fe and Co should 
result in negligible overall changes in con- 
ductivity. The thermopower, however, 
would be given by 

Q 
tot 

= Qsus + Qiui 
> (19) 

utot 

where s = surface and i = interior. Al- 
though gtot remains approximately con- 
stant, Qtot will depend upon the relative 
conductivities of surface and interior. 

Finally, it should be mentioned that K& 
is a strong function of composition in Fe3 
04-CoFe204. This can be demonstrated 
from the fact that a = [Fe*+] goes to zero at 
increasingly smaller values of x as tempera- 
ture decreases (see Fig. 6). This is particu- 
larly surprising when one considers that 
Co2+ behaves so similarly to Fe2+ in the 
spine1 lattice. The effect of cobalt on K& 
cannot be explained on the basis of the 
O’NeilVNavrotsky (12, 26) model. For a 
discussion of this phenomenon see Ref. 
(39). 
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