
J O U R N A L  O F  M A T E R I A L S  S C I E N C E  7 ( 1 9 7 2 )  1 3 8 3 - 1 3 9 0  

The preparation and characterization of 
ultrafine cobalt-iron oxides 

A. C. C. TSEUNG,  d. R. GOLDSTEIN  
Department of Chemistry, The City University, London, UK 

Seven ultrafine samples (125 to 60 m2/g) of the cobalt-iron oxide series, Co,Fes-,O4, with 
0 ~< x _< 3, were prepared by co-precipitation of the metal hydroxides, followed by dehydra- 
tion of the hydroxide at 100~ X-ray and chemical analyses confirmed that true spinels 
were formed. The electrical conductivity and the activation energy for conduction of the 
powders were determined, and used to define the electronic structure of this series in 
conjunction with theoretical considerations based on crystal field theory. 

1. Introduction 
The cobalt-iron oxide series can be represented 
by the general formula Co,F%_~O4, with 
0 < x _< 3. This series, which has a spinel 
structure, is of considerable interest since it is 
strongly magnetic [1] and is active towards the 
oxidation of CO and NO [2] as well as H202 
decomposition [3]. The simplest type of spinel 
oxide possesses the general formula AB ~O4 where 
A and B are divalent and trivalent metal ions 
respectively [4]. The unit cell consists of thirty- 
two cubic close packed oxide ions. The face- 
centred cubic spinel structure can be "fully 
normal" or "fully inverse". In the former case, 
each A ll ion is tetrahedrally co-ordinated by 
four and each B 1II ion octahedrally co-ordinated 
by six oxide neighbours; furthermore, each oxide 
ion is bound to one A ll and to three B m ions in 
octahedral sites. The situation is reversed in 
"fully inverse" spinels, with one half of the B Ill 
occupying the tetrahedral sites, while the rest of 
these ions, together with all the A ll ions, are 
distributed at random over the octahedral sites. 
However, only four structures have been estab- 
lished in the literature for the cobalt-iron oxide 
series [5-7]. 
x = 0, [FelII]t [Fe ll FelII]o 042- fully inverse 
x = 1, [FelII]t [Co II FelII]o 042- fully inverse 
x --- 2, [ColI]t [Co III FelII]o O42- fully normal 
x = 3, [ColI]t [Co III ColII]o O~ ~- fully normal 
where the subscripts t and o stand for tetrahedral 
and octahedral sites respectively. Since the mag- 
netic and catalytic properties are significantly 
enhanced by increased surface area, it is of 
interest to prepare ultrafine cobalt-iron oxide 
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spinels over a wide range of x values and to 
determine their structure, especially the distri- 
bution of cations at the different crystallographic 
sites, since this is responsible for their physical 
and chemical behaviour. 

2. Experimental 
2.1. Preparation of ultrafine cobalt-iron 

oxides 
Of all the potential methods [8, 9] the hydroxide 
co-precipitation technique seemed to offer the 
best chance of success in achieving the highest 
surface area, since the temperature required is 
only 100~ [10]. Analar grade cobalt chloride, 
ferric chloride, sodium hydroxide and Laboratory 
grade ferrous chloride (99~) (Hopkin and 
Williams Ltd) were used in this study. For the 
composition range 0 ~ x ~< 1, the reaction 
equation is given by: 

(1) hydroxide co-precipitation: 
x ColIC12.6H20 + (1 - x )  FellCl2.6H20 
+ 2 FelIIC13.6HzO + 8NaOH 
= Co~IIFel_xlIF% III (OH)8 ~ (gel) + 
8 NaC1 + 12 H20 

(2) dehydration of gel: 
CoxlIFel_~ II F%In(OH)s = 

Cox II Fel_ i I  Fe2IIIO4~ + 4H~O. 
For the composition range 1 ~< x ~< 3, 

(3) hydroxide co-precipitation: 
x ColICI~. 6H20 + ( 3 -  x) FelIIC13.6H,O 
+ ( 9 - x )  NaOH 
= Cox II Fea_ xlII(OH)9_ x ~ (gel) + 
( 9 - x )  NaC1 + 6H20 
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(4) dehydration oxidation of the gel 
Cox II F%_ ~m(OH)9_ ~ + ( x -  1)O~ (air) 
= COl II Co~_1111 F%_ ~IIIO~ ~ + (5 + x)H20 

t00 ml solutions containing 0.15M of metal 
ions, were prepared by dissolving the appropriate 
amounts of metal chlorides according to (1) or 
(3) in distilled, de-aerated water. The mixed 
metal salt solution was then rapidly added with 
continual stirring to 50 ml of de-aerated, 
freshly prepared 6N NaOH solution at room 
temperature. The pH of the reaction mixture 
was measured by a Vibret pH meter (E.I.L. Ltd). 
The pH ranged from 8 for x = 0 to about 11 
for x = 3 and was then adjusted to a value of 
12.5 [10] by further addition of 6N NaOH from 
a burette. At this stage, the reaction mixture, 
which was in the form of a dark gel, was dehyd- 
rated on a steam bath for an hour. On reaching 
95~ the reaction mixture became clear and a 
black powder - the spinel phase, precipitated. 
This precipitate was filtered and washed re- 
peatedly with distilled water until it was free of 
alkali. It was then dried overnight at 100~ and 
the resultant powder was crushed in an agate 
mortar. Seven samples were prepared, with x 
values of 0, 0.6, 1.0, 1.5, 2.0, 2.4 and 3.0. 

2.2. Chemical analysis of cobalt-iron oxides 
The cobalt-iron oxides were analysed for total 
Co and Fe content gravimetrically by using the 
zinc oxide separation method [11], whilst the 
concentration of Co III and Fe II were analysed 
according to the method devised by Smiltens 
[12]. The method assumes that if a cobalt-iron 
oxide containing Fe ll is dissolved in a non- 
oxidizing acidic medium, all the Fe will pass into 
solution. This can then be quantitatively 
analysed by using standard KMnO 4 solution. 
If  the sample is expected to contain Co III, a 
known excess of ferrous ammonium sulphate is 
added to the acid before dissolving the oxide. 
As Co III enters the solution, it oxidizes some of 
the introduced Fe ll to Fe III, and this quantity, 
corresponding to the original amount of Co Hr, 
is ascertainable by titrating with standard 
KMnO4 solution. 

2.3. Surface area measurement  and X-ray 
powder diffraction studies 

The surface area of the samples were measured 
by the BET technique using nitrogen as the 
adsorbate at -196~ X-ray powder photo- 
graphs were taken of all the samples, using a 
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Philips X-ray machine with a molybdenum 
target. 

2.4. Electrical conductivity measurement  
A Wayne-Kerr ac Conductivity Bridge (1592 Hz) 
was used to measure the conductivity of the 
samples whilst they were under compression in a 
steel die which had a thick teflon lining. The 
pressure was applied with a " G "  Clamp. The 
powders were pressed to 75 ~ of the theoretical 
density before measurements were taken. For 
measurement at higher temperatures, the die 
and the clamp were encased with a thick poly- 
thene bag and immersed in a thermostatically 
regulated oil bath. 

3. Results and discussion 
3.1. Chemical composition of cobalt-iron 

oxides 
As shown in Table I, all seven samples of 
cobalt-iron oxides in the CoxF%_~O4 series 
were successfully prepared, though there were 
slight deviations from the intended composition 
in some of the samples. 

It is of interest to note that in four of the above 
cases, some free F%Oz or CozO4 is present. Let 
us consider the species most likely to be formed 
during the co-precipitation and gel dehydration- 
oxidation reactions in separate cobalt and iron 
systems. 

In aqueous solution, free from complexing 
agents such as ammines, the only stable state 
for cobalt is as Co ll. When NaOH solution is 
added to a solution containing Co II at room 
temperature, Co(OH)~ is precipitated. The solid 
hydroxide is susceptible to slow air oxidation at 
room temperature, forming initially a hydrated 
oxide Co2Oa.H~O [13]. The oxidation con- 
tinues, especially at higher temperatures (100 ~ C), 
to give Co304. 

In the case of iron, both divalent and trivalent 
states are stable in aqueous solution. When 
sodium hydroxide is added to a solution con- 
taining Fe ll, a white precipitate of Fe(OH)2 is 
formed. This is susceptible to air oxidation, and 
darkens in colour, forming ferric hydroxide (red 
brown), or, in the presence of excess alkali, the 
black oxide, FeaO4. When NaOH solution is 
added to a solution containing Fe III, the hydrated 
oxide ~-Fe2Os.H20 is formed, which soon 
aggregates to a colloidal ferric hydroxide gel [15 ]. 

The above survey shows that the main pro- 
ducts of dehydration-oxidation reactions in 
cobalt and iron hydroxide gels are CosO4, 
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F%O~ and c~-F%O3. All of these products 
possess the spinel structure. Consequently if a 
solid solution of cobalt and iron hydroxides was 
subjected to dehydration-oxidation, the product 
should also possess a spinel structure and in fact 
should be a cobalt-iron oxide of composition 
determined by the cobalt/iron ratio, provided 
the cobalt and iron cations can be precipitated 
simultaneously. The hydroxides should form a 
true solid solution, since the ionic radii of the 
metal cations are similar - Co II = 0.82A, 
FeII = 0.83A [1]. 

For the simultaneous precipitation of the 
hydroxides, a high initial pH is required. The 
solubility product for Co(OH)2 at 25~ [16] is 
6.3 x 10 -~6, and a pH of at least 10 is needed for 
the complete co-precipitation of Co xI [17]. 
Fe(OH)a has a very low solubility product 
(2.0 • 10 -~9 at 25~ [17] and Fe III begins to 
precipitate even in slightly acidic solutions of 
pH 4. Hence the initial pH of the reaction 
mixture (always adjusted to 12.5) [10] should 
suffice at least for the symmetrical ferrite. 

For the unsymmetrical ferrites with 0 < x < 1, 
the reactant solution contains increasing amount 
of FeII substituted for Co II. However, the 
solubility product of Fe(OH)2 (8.0 x 10 -~6 at 
25~ [16], is close to that of Co(OH)2, so full 
precipitation should still result if the pH is above 
10. 

Identical considerations apply to cobalt-iron 
oxides with 1 < x < 3. A high initial pH is 
especially vital for complete hydroxide pre- 
cipitation, since Co II, with a relatively high 
solubility product as Co(OH)2, increasingly 
replaces Fe III with a much lower one as Fe(OH)a, 
in the reaction mixture. The high pH (12.5) used, 
however, is adequate for complete precipitation. 
Thus, over the complete composition range 
0 ~< x ~< 3, fully precipitated hydroxides will 
be formed. 

The dehydration-oxidation to the final spinel 
phase should produce spinel lattices with the 
correct metal ion distribution. Equation 1 gives 
the reactions involved for the spinel formation 
when 0 ~< x ~< 1 and accordingly contains 
excess FeII over the symmetrical ferrite. This is 
based on the assumption that the spinel phase is 
formed rapidly and that air oxidation of FeII or 
Co II in the reaction mixture proceeds relatively 
slowly. Both Sato [10] and Elmore [18] reported 
a low loss of FeIr (maximum 5 ~)  by air oxida- 
tion of hydroxide in Co~Fe204 and Fe~Fe204 
preparations. FeII loss was reduced in the present 

study by using de-aerated solutions. 
In order to introduce Co III into the lattice in 

compositions with 1 < x ~< 3, the dehydration 
reaction must be accompanied by air oxidation 
of Co II (Equation 4). This is in agreement with 
the work of Besson [14], who showed that when 
aqueous suspensions of Co(OH)2 are boiled in 
air, CoaO 4 is the main product. 

3.2. BET surface area of cobalt-iron oxides 
Fig. 1 shows the variation of BET surface area 
with x, indicating that it decreases with increasing 
cobalt content. The decrease is very much more 
rapid between 0 < x < 1. Despite the significant 
decrease in surface area, the surface areas of all 
the cobalt-iron oxides are very high (125 to 60 
m2/g). Co0Fe30 4 has the highest surface area, 
whilst CoaFe00 ~ has the lowest surface area. 
When metal hydroxides are dehydrated at the 
same temperatures (100 ~ C), the surface areas of 
the resultant oxides may be dependent on the 
number of OH-  attached to each metal cation in 
the hydroxide lattice. The formation of one 
Fe304 molecule involves the expulsion of 9 O H -  
from the hydroxide lattice, whilst only 6 OH-  
are expelled for the formation of CoaO~. Thus, 
the resultant FeaO4 should be finer than Co30~. 

3.3. X-ray diffraction data 
Fig. 2 shows the variation in lattice parameter, 
ao with the value o f x  in CoxFes_ xO4, confirming 
that cobalt-iron oxides have indeed been formed 
and that as Co replaces Fe in the spinel lattice, 
the unit cell decreases in size [19]. 

3.4. Electrical conductivity and activation 
energy for conduction in cobalt-iron 
oxides 

Fig. 3 shows the variation of the logarithm of 
specific conductivity, ~ with x. Since it is difficult 
to draw any definite conclusions on the variation 
of specific conductivity of compressed powders of 
different particle size [20], the specific conduc- 
tivity of the samples was measured as a function 
of temperature as well. As seen from Fig. 4, the 
results for ColFe204 indicate that a plot of 
logl0cr versus 1000/T yields a straight line with a 
positive slope, confirming that the sample 
exhibits semiconducting characteristics and that 
it is possible to obtain the activation energy for 
conduction with sufficient accuracy. Fig. 5 gives 
the variation of activation energy of conduction 
with x. The activation energy results provide a 
very much better indication of changes in con- 
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Figure 1 BET surface area as a function of cobalt-iron 
oxide composition (hydroxide preparation). 
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Figure 3 Specific conductivity (powder measurements at 
25~ and 75% theoretical density) as a function of 
composition for cobalt-iron oxides. 

ductivity since they are less dependent on 
particle size. Furthermore, the activation ener- 
gies are largely unaffected by the frequency used 
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TABLE I Intended and actual composition of cobalt- 
iron oxides 

Intended composition Actual composition 

CooFe304 
Coo.oFe2.404 
Coa.6Fe2.oO4 
Col.sFel.sO4 
Co~.oFel.004 
Co2.4Feo.604 
Co3.oFeoO4 

91% CooF%0~ T 9 % Fe2Os 
94% Coo..4Fe~.360~+6% Fe~O3 

~99 % COl. 6Fe~.00~ 
~99 % COl.sFel.~O~ 

95 % Col. 9Fe1.10~+ 59/00 Co~O4 
90% Co~.sFeo40~+ 10%Co804 

~99 % Co3.oFeoO4 

for the conductivity measurements [21]. FesO~ 
has the lowest activation energy for conduction 
(0.10 eV). This is comparable with the value of 
0.05 eV reported by other workers [21]. Our 
samples have 5 to 109/o a-F%Oa, which has a low 
conductivity (10 -9 ohm -1 cm -1) [22]. This could 
account for the higher eV value. There is a peak 
in activation energy at the composition ColFe 304 
(0.33 eV), after which the activation energy falls 
to Cot.sFe~.504 before increasing gradually 
again. A similar peak was found by Jonker [7] 
at compositions near CoaF%Q (0.42 eV). 

3.5. Electronic structure of cobalt- iron 
oxides 

As indicated earlier, only the electronic structures 
of Co0Fe304, Co~F%O4, Co2FelO4 and CozFe00, 
have been described in the literature. Co0F%O4 
is an inverse spinel and accordingly possesses 
both ferrous and ferric ions on the octahedral 
sites; 

[Fel III] t [Fel n Fel In] o 04"-. 

Conduction can occur on the octahedral sites by 
hopping of charge carriers from one ion to the 
adjacent ion: 

Fe ll + Fe In = FelII + Fe n 

Equally important to the occurrence of semi- 
conductivity is the presence of suitable equi- 
valent crystallographic sites. In the spinels, the 
octahedral site network furnishes the optimum 
framework for electron hopping, as with 
magnetite. There are both tetrahedral and 
octahedral sub-lattices available in the spinel 
structure, but no octahedral-tetrahedral inter- 
action is possible. Thus Co3Fe004, a normal 
spinel, has the following structure: 

[C@ q t  [Co~ m Co~m]o 043- 
All the ions in the octahedral sites are Co nI, 
thus precluding any hopping mechanism. Fur- 
thermore, it is not possible for any interaction 
with the Co n on the tetrahedral sites. This 
accounts for the low conductivity of Co304. 
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Figure4 Specific conductivity for ColFe2Oa (hydroxide preparation, powder measurements at 75~ theoretical 
density) as a function of temperature. 
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Figure 5 Activation energy for electrical conduction 
(powder measurements at 75 ~ theoretical density) as a 
function of composition for cobalt-iron oxides. 

Before the electronic structures of  other cobalt 
iron oxides can be worked out, it is necessary to 
review the fundamental factors governing the 
site preference of  cations in the spinel lattice. 
McClure [23 ], and Dunitz and Orgel [24] applied 
crystal field theory in conjunction with spectro- 
scopic data to give quantitatively the d-shell 
splitting and the resulting stabilization of a 

transition metal ion in a crystal site of  given 
symmetry. The thermodynamic stabilization 
energy values may be found for both octahedral 
and tetrahedral sites in the AB~O~ spinel lattice 
and the difference between these values is the 
site preference energy (Table II). 

Other second order effects [25] are likely to 
become significant when there is no appreciable 
site preference energy. On simple radius ratio 
grounds, larger cations prefer octahedral co- 
ordination, and smaller cations would prefer- 
entially occupy the tetrahedral sites. Since the 
trivalent cations in spinels are frequently 
smaller than the divalent ones, there is a tendency 
for them to occupy the tetrahedral sites, giving 
inverse distributions. However, coulombic at- 
tractions based on Madelung Energies for the 
configurations, tend to act in the opposite 
direction. Thus, the normal distribution is more 
stable than the inverse form in many spinels. 

On the basis of  the foregoing theoretical con- 
siderations, it is possible to assign electronic 
structures to all of  the cobalt-iron oxides in- 

TABLE II  Properties of iron and cobalt ions* 

Ion Ionic radius Number of d 
A electrons 

Stabilization energy 
(k cal tool-l) 

Octahedral site 
preference energy 

Octahedral site Tetrahedral site (k cal mol-1) 

Fe n 0.83 6 
Fe HI 0.67 5 
Co II 0.82 7 
Co Izz 0.63 6 

11.4 7.5 3.9 
0 0 0 

17.1 15.0 2.1 
45 26 19 

*Compiled from [1, 23 and 24]. 
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T A B L E  I I I  Electronic structure of cobalt-iron oxides 

Composition Electronic structure References 

A 
Co0Fes.0Oa [FellII]t [FeilIFellII]o 04 =- [26, 27] 

Inverse 

B 
Coo.oF%. ~O~ [Feiltt]t [Co0.o I1 Fe04 II FeilII]o O42- 

c 
Col.3Fe2.004 [FellII]t [CoiHFe~m]o O42- [28-301 

Inverse 

D 
Cox.sFe~.504 [Co0,5 II Feo.5III]t [Co0.5 II Co0.5 III Fel.0III]o Ol  2- 

E 
Coz.0Fel.00, [ColII]t [CoilIIFelIII]o O42- [31] 

Normal 

F 
Co~.4Fe0.eO~ [COlII]t [COl,4 III Feo.6III]o O42- 

G 
Co3.0EeoO t [ColIIlt [Co2III]o O42- [5] 

Normal 

vestigated in this paper (Table III). The struc- 
tures of Fe304, C01Fe204, Co~FelO4 and CoaO4 
have been firmly established by neutron diffrac- 
tion and MSssbauer spectroscopy. F%O 4 is 
fully inverse and in fact FeII does have a small 
octahedral site preference over Fe nI (Table II). 
Conversely, C%O4 is normal. This is in accor- 
dance with d-shell splitting predictions in view 
of the large octahedral site preference of Co m. 
Finally, Co~F%O4 is reported as fully inverse,and 
this is to be expected from the small octahedral 
site preference of Co lI over Fe IlI. 

The electronic structure of C00.0F%.404 can 
be deduced from d-shell splitting considerations 
(Table II) and the known electronic structure of 
Co~FezO4 - Fe IT enters the Co~F%O4 lattice in 
place of Co Ix to form C00.6F%.404 and prefers 
octahedral sites, giving rise to [Felm]t [Coo.n II 
Feo.4 ll FeilI1]o O4 ~-. This is consistent with the 
fact that if all the Co II were replaced, the fully 
inverse F%O4 structure would result. 

The composition of Coi.sFel.504 could 
similarly be written as Col I ICo0.s l I IFe l . s I I104  ~-. 
Considering the change in composition from 
ColFezO4 to Co~.sFei.50~, there is a steady 
replacement of Fem by Co m. The simplest way 
of satisfying d-shell predictions, is to introduce 
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Co III directly into the octahedral sites in place 
of Fe IxI, giving [FeiIII]t [CoiIICo0.smFeo.sIII]o 
042- for Co~.5Fel.50~. If this replacement 
continues, then Co2FeaO4 should have the inverse 
structure, [Fel III] t [CoiIICoiIII]o Oa ~-. 

However, Blasse [6] on the basis of magnetic 
measurements, has postulated a normal dis- 
tribution for Co2FelO4. Thus, over the com- 
position range Co~Fe20~ to Co2FelO4, the 
spinel lattice changes from an inverse to normal 
distribution. It is possible, nevertheless, to 
suggest a mechanism for this without con- 
travening d-shell splitting predictions. In com- 
paring distributions C and E, the tetrahedral site 
occupancy must change from Fe IIr to Co II, 
although the net composition change from C to 
E is in Co xII replacing Fe III. Accordingly, Co Ix 
enters in place of Fe III on the tetrahedral sites 
and simultaneously the corresponding amount 
of Co xI on the octahedral sites is shifted to the 
trivalent state as Co m. The small loss in 
stabilization energy incurred when Co II enters 
the lattice tetrahedrally, is easily compensated 
for from the large stabilization achieved when 
Co III enters octahedrally. This results in dis- 
tribution D for Col.5Fe~.504 and Blasse's dis- 
tribution E for Co2Fe~O4. Blasse did not 
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a t t empt  to  expla in  this inverse -normal  change,  
and  no  exp lana t ion  is a p p a r e n t  f rom simple 
theory.  The  oc tahedra l  site occupancy  with  high 
valency states o f  Co III, Fe  III, evident ly  has 
greater  s tabi l i ty  than  one with  Co III, Co Ix. 

The  e lect ronic  s t ructure  o f  Co2.4Fe0.604 can  
be der ived by  assuming tha t  when excess Co III 
replaces Fe  III in the oc tahedra l  sites in Co 2FelO4, 
it  will give d i s t r ibu t ion  F, whils t  i f  the replace-  
ment  is con t inued  unti l  the compos i t ion  Co~O4 
results,  we will get the correct  no rma l  dis- 
t r ibu t ion  (G). 

The val id i ty  o f  the above  electronic  s tructures 
is conf i rmed by  the results  ob ta ined  for  the  
ac t iva t ion  energy for  conduc t ion  versus com- 
pos i t ion  (Fig. 5). F o r  x < 1, the e lec t ron hopp ing  
between F e l I F c  III on the oc tahedra l  sites is 
responsible  for  the conduc t ion  process.  As  seen 
f rom Table  I I I ,  the  number  o f  F e l I F e  xlI couples  

decrease as the value o f  x is increased This 
accounts  for  the increase in ac t iva t ion  energy 
for conduc t ion  between 0 < x < 1. W h e n  x -- 1, 
there is the poss ib i l i ty  o f  CoI~Fe III exchange,  

Co I1 + Fe  I I I =  F e I I +  Co III 

but  hopp ing  between ions of  a different meta l  is 
l ikely to be more  highly ac t iva ted  than  for  ions  
for  the same metal ,  f rom orb i ta l  considera t ions .  
Nevertheless ,  this should  resul t  in a lower 
ac t iva t ion  energy for  C o l F e 2 0  4 than  for  com- 
pounds  such as Co304, where no e lec t ron 
hopp ing  is possible.  

The  higher  ac t iva t ion  energy requi red  for  
conduc t ion  in Co2Fe~O4 (0.34 eV) suppor ts  
Blasse 's  fo rmula t ion ,  E, for  this c o m p o u n d  and 
effectively rules ou t  the a l ternat ive conf igura t ion  
with all  the  coba l t  on the oc tahedra l  sites. This 
fixes the d i s t r ibu t ion  o f  Col .sFel .~O 4 and  
Co~.4Fe0.60 4 as shown by  D and  F. The 
CoI I /Fe  m d is t r ibu t ion  on t e t rahedra l  sites for  
D is no t  expected to  con t r ibu te  much  to the 
conduct ivi ty.  The higher  ac t iva t ion  energies for  
Co2.4Fe0.~O4 (0.43 eV) and  CozO~ (0.53 eV) 
show the increasing resistance o f  the  system to 
passage of  charge  carr iers  as the  lat t ice fills with 
Co m on oc tahedra l  sites. Single crysta l  measure-  
ments  on Co304 [32] give the conduct iv i ty  at  
20~  as 1.0 x 10 -4 ohm -~ cm -~ and the ac-  
t iva t ion energy for  conduc t ion  as 0.68 eV. 

Thus,  conduct iv i ty  measurements  have pro-  
v ided exper imenta l  results to augment  theore t ica l  
predic t ions  for  the electronic s tructure o f  the 

coba l t - i ron  oxide series. 
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