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Infrared spectroscopic measurements were carried out on the cobalt-substituted magnetites
(Fe**)A(Col*Fel? Fe3*)z035 ™, pretreated in oxygen, to investigate as a function of temperature the
defect phases y and their transformation to hematite. It has been found that the defect spinels for
which x < 0.30 show a partial vacancy ordering on octahedral sites. Referring to the disappearance of
the 720-cm™! absorption band of the defect phases y or the appearance of the 470-cm™! absorption band
of aFe;0;, we show that the transition temperature y — « increases with cobalt substitution. By
comparison with zinc-substituted magnetites, the divalent cation distribution is shown to be important
to vacancy ordering and to setting the temperature of hematite precipitation.

Introduction

In some earlier publications, the ir spectra
of aluminum and chromium- or zinc-substi-
tuted magnetites and of the defect spinels
resulting from their oxidation were de-
scribed (7, 2). In the defect phases -
(FegssysMayn01p)05” with 0 < y < §
and M* = Cr**, APY or -
(Fe?{.hmln?I:l(l_x)B)Oi_ with0<x<1,a
large number of well-defined absorption
bands occur in the region 200-750 cm~! in
the low substitution range (y < 0.26 and x <
0.30). This confirms that a vacancy order-
ing occurs on the octahedral sites of the
spinel lattice, which disappears with in-
creasing substitution. Moreover, interest-
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ing features are observed during the high
temperature transformation of these meta-
stable y phases into the rhombohedral «
phases (2, 3). For the phases a linear varia-
tion of absorption frequency with chro-
mium content was observed; this permitted
an unknown compound of type a-
(Fed!,Cr" )03~ to be identified. In certain
temperature ranges and oxidation times,
and during transformations the a phase
composition differed from that of the corre-
sponding y phase. On the other hand, from
the disappearance of the 635-cm~! band,
which is characteristic of these defect
spinels, we show that the precipitation tem-
perature of hematite from defect zinc—iron
ferrites increases with.the extent of substi-
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tution. For the a phases at 700°C the inten-
sity difference of the 380- and 470-cm™! ab-
sorption bands varies linearly with the
percentage of a-Fe,0s; hence, it is possible
to determine the extent of substitution in
zinc-substituted magnetites.

All this calls for extension of this investi-
gation to cobalt-substituted magnetites
which also oxidize into phase y for suffi-
ciently small crystallite sizes. The struc-
tural changes occurring when the y phases
undergo a thermal treatment are also moni-
tored using infrared spectroscopy.

Samples and Experimental Methods

The compounds studied were obtained
by thermal decomposition of mixed iron
and cobalt oxalates (Fe,_,Co,)C,0, - 2H;O
(0 < x < %) and treated at low temperature
(<500°C), in accordance with the condi-
tions stated in (4). The crystallite size (de-
termined from specific area and by electron
microscopy) is roughly 70 nm. For x = 1,
the synthesized materials form inverse
spinels and have the cation distribution
(Fe3")o(Co2"Fei? Fe’)s0;". The Co?*
ions are located at the octahedral sites. De-
fect spinel-type cubic sesquioxides were
obtained by low temperature oxidation
(<300°C) of previously formed solid solu-
tions according to the reaction

(Co2*Fe?* Fe3)0i™ + (1 — x)/40} —
x(Co?*Fedt02), 1 — x)Fe; 0f .

The crystallographic and magnetic studies
(5) showed that the vacancies were posi-
tioned on octahedral sites, resulting in the
structure

(Fe*)a(Co¥ Fed 2301 -xy3)B0% -

The lattice parameter varies linearly with
rising ¥ from 0.8345 nm for y-Fe,O; to
0.8383. nm for CoFe,0,. Finally, the mor-
phology of these defect spinels is similar to
that of the initial phases; in particular, the
crystallite sizes are almost the same. The
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present study is not only restricted to the
stability range of the y phases but is ex-
tended to higher temperatures (>300°C)
where these phases are converted to rhom-
bohedral phase « and ferrite according to
the reaction

(Fe**)a(Fegs-33Col O —o3)p0i” —
XCOF6204 + %(1 - x)Fe203.

The position, width, and shape of ir ab-
sorption lines of powder samples depend on
size and shape of the crystallites (6); the
samples consist of almost spherical grains
with an average diameter in the range be-
tween 60 and 80 nm. The spectra were mea-
sured at room temperature using a Perkin—
Elmer model 580B double beam spec-
trophotometer over the range 800-200
cm™!; the reference beam attenuation was
changed in order to obtain the best features
in each region. The use of TIBr pellets (in
an attempt to match indices of refraction of
sample and medium) did not significantly
improve the quality of the results and all ir
spectra shown below were derived from
Csl pellets and are normalized to 4 umole
of sample/200 mg Csl. An absolute absorb-
ance calibration was made using a precali-
brated screen, and the peak heights are ac-
curate to within 5 to 10%. The wavenumber
accuracy was =1 cm™! for 800-500 cm™!
and =2 cm™! for the region 500-250 cm™!.
The different oxidations (vs time and vs
temperature) were performed in a Setaram
MTB 10-8 microbalance.

Results and Discussions

1. Initial phases
(Fe*)A(Cot Feil,Fe**)p0;

In the region under study the ir spectra of
the initial inverse spinels have two absorp-
tion bands », and », which for magnetites (x
= () occur at 570 and 370 cm™' and for
CoFe,O, (x = 1) at 590 and 383 cm™! (Fig.
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FiG. 1. Infrared spectra of (Fe**) (Fe**Feit,

Co2*)g0%~ spinels.

1). Ferrites possess the structure of mineral
spinel that crystallizes in the cubic form
with space group Fd3m-O}. Using the space
group and point symmetries, group theoret-
ical calculations show the existence of four
ir active fundamentals (7;,) in the vibra-
tional spectra of normal as well as inverse
cubic spinels (7, 8). However, interactions
may always occur between the four ir ac-
tive modes because they belong to the same
representation 7y, (9). The question be-
comes still more complex for inverse spinels
such as Fe;0, and CoFe,Q, where cations
with different valenc are on the same type
of site and hence disturb local symmetry.
For the ir absorption spectrum study of
solid solutions (M,Fe);0,, Ishii et al. (10)
calculated the optically active lattice vibra-
tions of Fe;0,. They assigned the band cor-
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responding to frequency v; at 570 cm™! to
the »(T;,) mode, which is the Fe-O
stretching mode of the tetrahedral and octa-
hedral sites; they assigned the band corre-
sponding to frequency v, at 370 cm™! to the
vy(Ty,) mode which is a Fe~O stretching
mode for octahedral sites. The bands re-
lated to the v3(T;,) and vy(T},) modes were
assigned by these authors to the motion of
Fe ions on the tetrahedral sites against
those of octahedral sites, and to an, O-Fe—
O bending mode of the tetrahedral and oc-
tahedral sites, respectively. These bands,
which are expected to be weak (10), have
not been observed down to 50 cm~'.

For cobalt-substituted magnetites in the
Fd3m spinel structure (5, 11), Co®* ions as
well as Fe** ions are present in octahedral
sites and the increase in cobalt concentra-
tion increases the Co?*—-02~ complexes.
Thus, when iron is substituted by cobalt,
whereas the tetrahedral cations remain the
same, all bands shift towards high frequen-
cies, indicating a major contribution of the
octahedral cations to these vibrational
modes. Tarte (12) also observed that in fer-
rites both bands depend on the nature of
octahedral cations, and, to a lesser extent,
on the tetrahedral ions. Comparing this
result with the spectrum of zinc-substituted
magnetites of the same composition but
with the cation distribution (Zn2*Fei’ ),
(Fel,Fel1)s03", we have interpreted
(3) the shift of the high-frequency band ()
towards the long-wavelength range (from
570 to 552 cm™Y). This arises quite naturally
from the fact that when Zn?* displaces Fe3*
ions from tetrahedral sites the effective
mass of these complexes is increased. Thus,
the value of the elastic bond constants is
increased and the frequency of the intrinsic
vibrations of these complexes is decreased.

The two broadened bands observed for
low cobalt-substitution extents are typical
of both a disordered inverse spinel (with
two diffuse bands) and a solid compound
containing mobile electrons, responsible for



SPECTRA OF Co-SUBSTITUTED MAGNETITES

TRANSMISSION 7

20

» el

Fic. 2. Infrared spectra of defect (Fe3*),(Col*
Fe¥29300-0s80%" spinels.

the continuous absorption coinciding with
the vibrational absorption.

2. Lacunar phases
(Fe*)a(Col Feld 2yn01-0n)s0%

For x < 0.40, the spectrum of the y
phases obtained by oxidizing the previous
phases at 300°C is complicated (Fig. 2); we
have shown (I3) that this complexity,
which is highly abnormal for a spinel, may
be explained by an ordering of vacancies
and cations on octahedral sites. However,
cobalt in octahedral sites has a marked del-
eterious influence on the type of ordering
process when compared to defect phases
of type (Zn2+Fe1—x)A(Fe(5+x)/3D(l—x)/3)1304
where the bivalent cation is preferentially
located on the tetrahedral sites. Figure 3
shows that for the same extent of substitu-
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tion (for example, x = 0.16) presence of Co
can cause the 365-, 326-, 311-, and 260-cm ™!
absorption bands to disappear. Also the or-
dering process strongly depends on the
presence of the foreign cation on octahedral
sites. This influence is also evident from the
study of the partially oxidized magnetites
(Fe**)a(FeltsFelt 150,)p03 with 0 < 8 < }
and & = (1 — x)/3 where, for an oxidation
ratio 8 = 0.28 (the three samples have the
same number of vacancies [] on octahedral
sites), we have encountered a large number
of absorption bands, specially in the region
370-260 cm™~! (Fig. 3). This fine structure
corresponds to an ordering of the vacant
sites in the y phase. For ordered spinel-type
compounds, White and De Angelis (/4)
have determined the number of active
modes. This number increases considerably
when ordering takes place on octahedral or
tetrahedral sites; thus, for the 1:1 or 1:3
ordering on octahedral sites the number of

TRANSMISSION [

20

n n n

700 500 300
ycm
FiG. 3. Comparison of infrared spectra of defect
spinels with the same number of vacancies (x = 0.16).
A: (F33+)A(C0336Fe§36[:‘026)30§’- B: (ZniicFeqsna

(Fet500.26)80% . C: (Fe**)a(FeleFes sy 200805



142

active modes is 31 (for the space group D}
— Py4;2;) and 21, respectively.

The X-ray powder diagram of these com-
pounds exhibits prominent spinel reflec-
tions as well as a fairly large number of
peaks which are generally weak or very
weak. This suggests the possibility of two
ordering schemes:

(1) reflections which are forbidden in the
space group of conventional spinels but al-
lowed in the case of a cubic cell witha 3:1
order (belonging to group O7 — Py 3,). The
phases substituted by cobalt with x < 0.40
exhibit a number of superstructure lines
which are easily indexed using a primitive
cubic cell with a = 0.8347 nm for x = 0.16.

(2) reflections which can only be ac-
counted for by assuming a square cell with
a ratio c/a = 3. As already discussed in a
previous paper (15), the X-ray diffraction
pattern of y-Fe,0s (space group P, ) cor-
responds to a tetragonal configuration with
a = 0.835 nm and ¢ = 2.50 nm. The X-ray
diffraction patterns of the y phase substi-
tuted by zinc and partially oxidized
magnetite are similar to that reported for
the tetragonal vy-Fe,O;. This observation
has also been confirmed by transmission
electron microscopy (16). These vy defect
phases possess an ordered arrangement of
cation vacancies with a period of $ unit vec-
tor along the [100] and [010] direction for
the composition (Znd sFe3 %0905 .

Comparing this result with the spectrum
of the v phase containing substituted co-
balt, a number of superstructure lines of
very weak intensity have not been observed
and the ir spectrum contains no band below
390 cm™!, suggesting a different arrange-
ment of vacancies and cations on octahe-
dral sites—probably a 3 : 1 ordered distribu-
tion.

For x > 0.40, the bands of weak intensity
disappear progressively (the bands at 474,
691, and 720 cm™") (Fig. 2) and the spec-
trum is slightly different from that of the
initial phase of the same composition x,
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with the total disappearance of vacancy or-
dering. This is consistent with the absence
of superstructure refiexions in the X-ray di-
agram.

3. Precipitation of a-Fe,0; from Defect
Phases

If the defect phases vy of different compo-
sitions for x < 0.60 are heated for more than
4 hr at 760°C, the spectrum exhibits (Fig. 4)
the characteristic bands of a-Fe,0; at 591,
542, 470, 379, 330, and 230 cm™!. This cor-
relates quite well with the data published
for a-Fe,0, obtained by heating goethite (6)
where from factor group analysis (I17) six
vibrations, of which four are doubly degen-
erate, are predicted to be active in the ir
spectrum. As the extent of substitution was
increased, the ir spectra revealed the pro-
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gressive disappearance of the absorption
peaks at 591, 542, 379, and 330 cm™! (these
bands were observed as a shoulder) and
close to 350-380 cm~! a small band with
low intensity appeared which is attributed
to CoFe,0,. Finally, for x = 1, the ir spec-
trum shows two intense absorption bands at
590 and 383 cm™!, due to the ferrite phase.
These results show that the best choice of
frequencies for identification a-Fe,0; is the
strong band at 470 cm~'. Moreover, over
the range examined, the a-Fe,O; peak at
379 cm™! disappeared for x > 0.60 and an-
other peak appeared close to 350-380 cm™!.
To demonstrate systematic changes in
spectra to a-Fe,0;: ferrite variations, the
intensity difference between the 390,.rc,0,-
and 470, pe,0,-cm ™! band (x < 0.60) and the
385 ferrite- and 470,.pey0,-cm ™! band (x > 0.60)
versus x is exhibited in Fig. 5. This figure
shows that the intensity difference linearly
decreases as the extent of substitution in-
creases, then reaches a minimum at x =
0.52, and thereafter linearly increases. For
zinc-substituted defect spinels the mini-
mum observed in Fig. 5 shifts towards
greater substitution (x = 0.90). Based upon
these systematic spectral variations it
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F1G. 5. Variation of the intensity difference of the
bonds 390-385 and 470 cm~’ as a function of extent of
substitution.
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would seem, at first, quite simple to deter-
mine the unknown degree of substitution
for a zinc- or cobalt-substituted magnetite.
Moreover, this minimum, which is attribut-
able to the formation of the ferrite phase,
seems to be characteristic of the divalent
cation.

4. Variation of the Infrared Spectrum with
Temperature and Oxidation Time of the vy
Phase

At temperatures below 760°C but above
the oxidation temperature for formation of
the v phase (300°C), the conversion y — a
occurs progressively at any composition.
This is indicated as a function of tempera-
ture for a given oxidation time (Figs. 6 and
7) or as a function of time for the same tem-
perature. Quite different variations in the
absorption occur during oxidation. In all
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Fi1G. 6. Variation with temperature of the ir spec-
trum of the y defect phase of composition x = 0.16.
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Fi1G. 7. Variation with temperature of the ir spec-
trum of the y defect phase of composition x = 0.64.

cases, when the temperature was increased
(or the time at constant temperature), the
720-cm™! peak of the y phase which oc-
curred as a shoulder of relatively low inten-
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sity disappeared; also, the 470-cm~! peak
assigned to a-Fe,0, gradually became more
intense. It is thus possible, for example, by
fixing the oxidation time, to evaluate a tran-
sition temperature for each composition, by
noting the temperature Ty at which the 470-
cm~! peak appears or to the temperature Tg
at which the 720-cm™! shoulder disappears.
Figure 8 shows the temperatures Tg and Tg
at the beginning and the end of each trans-
formation versus composition x, as well as
the temperature Ty as related to (Tg + Tg)/
2. In all cases the variation of the transition
temperature with x points to an increase in
stability of these y defect phases with the
increase of cobalt substitution. This tem-
perature Ty is close to the transformation
temperature as obtained by electrical con-
ductivity (I8). An increase in the tempera-
ture of precipitation as caused by the de-
crease in a-Fe,0; concentration might be
closely associated with the cation vacancy
in the spinel lattice; for, homogeneous oxi-
dation of ferrous ferrites generates cation
vacancies whose concentration is propor-
tional to the a-Fe,O; content. Similar
results have been noted (2, 19) for zinc-sub-
stituted defect spinels. The effect of diva-
lent cations on the precipitation of hematite
from defect phases y is most pronounced

g
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FIG. 8. Effect of composition x on temperature of precipitation.
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for Zn, and cation distribution rather than
ionic radius may explain the different tem-
peratures of hematite precipitation. This is
because the transformation does appear to
involve a restacking due to short-distance
movements of atoms (20). Thus Zn ions in
tetrahedral sites of the spinel structure hin-
der the precipitation of hematite because
Zn ions are strongly bound by covalent
bonds, in contrast to the ionic bonding of
Co?* ions on octahedral sites.

Conclusion

This work has shown that the different
steps of oxidation of cobalt-substituted
magnetites can be identified through their
characteristic ir absorption. In contrast to
the defect phase y substituted by zinc or
partially oxidized magnetites no perfectly
ordered y phase has been obtained for x <
0.30, as the ordering of vacancies is a func-
tion of the foreign cation in octahedral
sites. For x > 0.30, the fine structure dis-
appears and the ir spectrum exhibits two
broadened bands characteristic of a disor-
dered phase. If the metastable phase vy is
heated for more than 1 hr at 750°C, the
spectrum exhibits bands of the a-Fe,0O; and
of the ferrite phase. At any temperature
lower than 600°C this transformation y — «
occurs very slowly; it is then possible to
determine a transformation temperature for
each composition, which increases with co-
balt substitution x. In addition, since the
intensity difference between the bands 390-
380 and 470 cm™! varies linearly with x, a
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composition of the unknown can be deter-
mined.
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