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Mossbauer spectra and X-ray powder diagrams of synthetic %7Co and *Fe oxides having the two
lattice-site spinel structure have been obtained. The distribution of iron and cobalt atoms between the
octahedral and tetrahedral lattice sites has been determined by means of isomer shift and quadrupole
splitting measurements. A new mechanism is proposed in order to explain the distribution of *’Fe as well
as its charge state when it enters the lattice as an impurity. At high temperature a mixed valence structure
of Co30,4 was found. It is argued that the charge state of the daughter iron depends on the vacancy
concentration in the environment of those sites where the corresponding decay takes place. Single line
sources are obtained under well determined conditions.

Introduction

The spinels are double oxides which can be
considered as a cubic close-packed structure
(space group F d3m) of oxygen atoms with
cations in 8 tetrahedral (to be denoted T)
and 16 octahedral (O) sites. They fit to the
general formula (AsBl_,s)[A 1-5314.5]04
where A represents divalent cations and B
represents trivalent cations; the parenthesis
( ) encloses the cations in tetrahedral posi-
tions while the bracket [ ] encloses those in
octahedral positions. The so-called normal-
spinels correspond to the case § =1 while
those with 6 =0 are termed inverse-spinels.

The distance between the cations and the
oxygen atoms is a function of a parameter u

* All correspondence should be sent to J. Tejada.

329

which depends on ionic radii and cation dis-

tribution among the two sublattices (1).
The equilibrium cation distribution at

temperature T(°K) is given (2) by:

5(1+8)

—NKT In (1—_‘5—)2—

=P(A)-P(B) (1)

where P(A) and P(B) are respectively the
preferential energies (3) of A and B cations
for the octahedral coordination, N is the
number of A cations and K is the Boltzman
constant. When |[4P|=|P(A)— P(B)|« NKT
the entropy term (2) dominates against the
cation’s natural tendency, based on crystal
field stabilization effects. Therefore cations
distribute randomly.

Most studies on spinels (4-9) refer to
compounds containing Fe as a constituent
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element or >’Fe and *’Co as substitdtive
impurities. We report here Mossbauer spec-
troscopy results for this kind of spinel
prepared undér different experimental
conditions. We establish in this work several
correlations between our preparative
method, lattice sites and cationic distribu-
tion. Experiments made on *’CoO, MgO:
’Co and other oxides (4) show the
appearance of higher charge states for the
daughter iron than those of >’Co. In order to
give an answer to these problems, we
investigate, for the case of sources, the
influence of after effects on the anomalous
states of electric'charge together with their
relation to the defects present in the lattice.
Under the same experimental conditions
as those used by previous workers (5-9) we
obtain similar Mdssbauer spectra. By chang-
ing the experimental conditions we obtain a
new set of Mdssbauer spectra. In this paper,
we present a new mechanism to explain the
difference in Mossbauer spectra caused by
the change of experimental conditions. Our
theory explains in a consistent way both: our
new data and the previous results (4-9).

Experimental

Our samples were prepared by mixing
stoichiometric amounts of the desired metals
in the form of chlorides or nitrates, depend-
ing on the kind of spinels under preparation.
The salts were dissolved in distilled and
deionized water in order to assure a perfect
mixing of the compounds. After stirring they
were dried in a dessicator. The solid residue
was finely crushed. Sources were prepared by
adding 0.5 to 1 mCi of *’Co dissolved in HCl
to the mixed solution. Absorbents not
containing Fe were enriched with *’Fe dis-
solved in HCL

The spinels were obtained by oxidation of
nitrate mixtures at different temperatures:
1000°C (FeCr204, COCI’204, CORh204),
900°C (Co030y4) and 750°C (ZnCo,0,) and
different oxygen pressures (to be denoted
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PO,) in a quartz tube. Later quenching was
achieved by first introducing the tube in
water and then in liquid nitrogen; slow cool-
ing condition was obtained by removing the
quartz tube from the heater and leaving it at
room temperature. X-ray powder diagrams
were obtained in order to verify the presence
of the desired spinel structure.

The Mossbauer spectra were determined
using a conventional multichannel analyzer,
working in multiscale mode. The source
employed in the case of absorbents was >’ Co
in Rh while in the case of sources the single
line absorbent was stainless steel. An iron
sheet enriched in *’Fe was used in the cali-
bration. The reported measurements
concerning sources and absorbents were
performed at room temperature. The spectra
were fit to Lorentzian curves by the least
squares method; statistical test for the fit
accuracy is given by

2y GOz
X i 20 2(i)

being y(i) and z(i) the true and measured
values. The minimal value of x? is roughly
xZin~i—m where i is the number of data
points and m is the number of free
parameters. It was assumed that the intensi-
ties of lines corresponding to O and T-sites
are solely determined by the cation dis-
tribution.

Results

FeCr,0,4

According to magnetic susceptibility
studies (10), FeCr,0,4 is a paramagnetic
substance at room temperature.

Tanaka et al. (11) prepared this spinel by
firing the mixture Fe,O3—-Cr,0; in a H,—-CO
atmosphere; they obtained a Maossbauer
spectrum consisting of a single line cor-
responding to Fe>*(T). This result has been
also obtained by other authors (7, 12).
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When we prepared the FeCr,O, spinel at
1000°C in air (Fig. 1a), the Mossbauer spec-
trum consisted of a quadrupole pair with
isomer shift characteristic of Fe**. At 10~°
torr. pressure of oxygen the spectrum
presented a Fe®' single line and a Fe**
doublet (Fig. 1b). Quenching of samples
produces no modification of the spectra in
agreement with the known values for the
preferential energies (3). We therefore
assume that all the above lines correspond to
iron cations on T sites (see Table I).

CoCr,0,4

When CoCr,0, (a normal spinel (3, 10)) is
used as a source a three line spectrum was
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found which was interpreted in terms of
tetrahedrally coordinated *’Fe™*, ’Fe™*
and *"Fe™**, the two last being stabilized by
cation vacancies (13). Spencer and Schroeer
(5) found a two line spectrum which they
interpreted as >’Fe™* (T') and *’Fe™* (T).

For CoCr,0,: *"Fe absorbents prepared in
air, Spencer and Schroeer (5) found a spec-
trum consisting of Fe>* quadrupole; they
interpreted it as Fe®* (0). :

Our absorbents were prep;ared at different
oxidation pressures; later they were sub-
jected to a quenching process (slow cooling
conditions gave similar results). As can be
seen in Fig. 2, we obtain ane Fe** quadru-
pole when the absorbent is‘prepared in air.
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Fi1G. 1. Mossbauer spectra of FeCr,0, synthesized: (A) in air, (B) At PO, = 1077 torr.
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F1G. 2. Mossbauer spectra of CoCr,Q4: 57Fe synthesized: (A) in air, (B) at PO, =107 torr.

At low oxidation pressures we obtain this
doublet plus one Fe’" singlet. According to
McClure’s predictions (3) we interpret our
results as corresponding to iron atoms
located on T-sites.

We prepared the *’CoCr,O; sources
under slow and quenching process and found
that the ratio of the Fe®* and Fe* lines
depends on the oxidation pressure. The
CoCr,0, spinel, prepared in air presents
50% Fe*"; while prepared at 107° torr. only
shows a single line spectrum corresponding
to Fe** (Fig. 3). Quench and slow cooling
conditions gave similar results.

C0304

Under slow cooling condition Co30, is a
normal spinel (3, 11); and it has been exten-
sively studied (5, 14) as a source. These
studies fit the spectra with two lines of equal
percent absorption and equal widths and
with a third line, corresponding to a Fe** (0)
doublet and a Fe** (T) singlet.

The published results (5) from dopping
0.5 at % impurity iron into Cos;0, were
interpreted as a Fe>* (O) doublet. However
when the absorber is cooled below the
magnetic transition temperature, the new
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F1G. 3. Mdssbauer spectra of CoCr,Qy4: 57Co synthesized: (A) in air, (B) at PO, = 107 torr.

spectra exhibit six lines; this would not be
expected if the iron atoms were on O sites.

Our results in sources with slow cooling
conditions are in full agreement with those
previously published (3, 14). In the case of
quenched sources, however, the spectrum
has to be fitted (Table 1) by aFe>* (O) singlet
and Fe** doublet (T) (see Fig. 4).

In the case of slow cooled absorbents we
obtain a Fe>* doublet. Taking into account
the corresponding I.S. and Co®" and Fe**
preferential energies (3) we interpret that
they are located on T-sites.

Finally, the quenched Co3Qy: 57Fe absor-
bents (Fig. 5) give the same spectrum as the

sources prepared in the above conditions,
hence we conclude that iron atoms are
randomly distributed over T and O-sites.

ch0204

ZnCo,0, is a normal spinel (3). We pre-
pared these spinel with different cooling
rates, the spectra obtained were always
similar according with published values of
preferential energies (3). Acting as source
we obtain a Fe** (O) doublet in the Mdss-
bauer spectrum in agreement with Spencer
and Schroeer (5).

As can be seen in Fig. 6, the Mossbauer
absorber spectrum of ZnCo,0,: ’Fe
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FIG. 4. Méssbauer spectrum of Co;0,:

consists of a quadrupole doublet of Fe**.
Based on LS. values and Zn** and Co’*
preferential energies values (3) we assigned
the line to Fe** (T). Spencer and Schroeer
(5) obtained the same experimental result
but they assigned the Fe®* cations to the
O-sites.

CoRh,O,

The (normal, inverse or partially inverse)
character of this spinel has never been pre-
dicted due to the lack of information about
the Rh preferential energy for T and O-sites.
In order to answer this question, we have
made different synthesis at different rates of
cooling; they always lead to similar spectra.
Thus we conclude that AP in equation (1)
must be very different (greater or smaller)
from NKT.

For *’CoRh,0, sources, (see Fig. 7) from
LS. values, we conclude that Fe occupies
T-sites and will be Fe** (T) or Fe** (T)
depending only on the PO,. As shown in Fig.
7a, at high value of PO,, a Fe** single line
appears; at lower PO, (Figs. 7b and 7c),

%7Co synthesized in air and quenched.

single lines corresponding to Fe** and Fe**
appear. Therefore we conclude that CoORhQ,
is a normal spinel and the cubic symmetry
around the T-sites is perfectly cubic.

These results are in agreement with those
published (5), however in an earlier work (9)
the cubic symmetry around the T-sites has
been found broken.

Summary of Results

a. Absorbents

If iron enters into the lattice as an
impurity, it substitutes for the cation which
has a lower preferential energy for the O
sites.

The iron oxidation state is a function of the
PO, during the synthesis, the Fe?* fraction
increases when the PO, decreases.

Substitution of divalent cation by a tri-
valent cation on a T site produces the
rupture of the T-sites cubic symmetry. When
the replaced cation is divalent, the symmetry
remains perfectly cubic.
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FIG. 5. Mossbauer spectra of Co30,: °"Fe synthesized in air and: (A) slow cooling, (B) quenched.

The quadrupoie splitting is independent of
the PO,.

b. Sources

Cation distribution is in agreement with
McClure’s predictions (3).

'Fe** and *’Fe** are obtained from
7Co*" in a ratio depending on the PO, dur-
ing the synthesis.

Single line divalent iron Mossbauer
sources can be obtained by synthesizing at a
PO, lower than 107 torr.

Discussion

a. Absorbents.

The equilibrium configuration of cations
and vacancies distribution in the lattice,
depends on preferential energies, on PO,
and on temperature. As a rule O-sites are
occupied by those cations with higher pref-
erential energy for that position. Iron, in a
divalent or trivalent state, has very small
preferential energy (3) for the O-sites (3.9
and 0.0Kcalmol respectively). As a
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FIG. 6. Méssbauer spectrum of ZnCo,0,: *’Fe synthesized at air and slow cooling conditions.

consequence, the iron as an impurity in a
spinel lattice will not remove the cations
which occupy O-sites but the ones occupying
T-sites.

CoCr,0y: *’Fe, FeCr,04, Co30,: *'Fe are
normal spinels at room temperature and the
Fe will substitute divalent cations on 7 sites.
At high PO, synthesis conditions, Fe enters
as Fe**, in agreement with the shift of the
equilibrium Fe?" « Fe* to the right side.

We propose two different mechanisms to
explain what happens when a Fe** cation
substitutes an A" cation.

(i) When during the process of synthesis a
Fe’* ion introduces in a T-site, it generates a
greater polarization of the surrounding oxy-
gens ions than the usual when an A" cation
occupies this site. The surrounding O-sites of
this position will have a lower tendency to be
occupied by B> cations and they will tend to
become vacancies which distort the sur-
roundings of the T-sites occupied by Fe*".
The excess charge created by the substitution
of A** by Fe’* will be compensated by the
excess oxygen and by the octahedral vacan-
cies generated when Fe®” enters into the
lattice. If we assume the preferential energies

to be the dominant factor in the cation dis-
tribution the presence of Fe ions in the T
sites will remove A cations. The following
formula holds:

(FCE+F33+A%ty—x)[Bgty/3 D)'/3] O4+z

where [J is a vacancy located on O-sites, y is
the fraction of A%* which was substituted by
Fe®*, and z is the anionic excess produced
during the synthesis which depends on PO,,
temperature and cation constituents.

(i1) When a full occupation of the 8 T-sites
and 16 O-sites is assumed, the condition
necessary for electric neutrality is:

(FeX'Fel*Alr, (B3 A2 104,

The cubic symmetry around Fe** (T) is
always broken probably due to the sur-
rounding concentration of B>" and A*",
both in O-sites: Each Fe** (T') cation creates
the same distortion in its surrounding;
therefore the quadrupole splitting will be
independent of the PO, in accordance with
our results. The presence of vacancies, i.e.
possibility (i), might be a better explanation
of the large measured values of the quadru-
pole splitting.
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F1G. 7. Mdssbauer spectra of CoRh,0y,: Co synt};esized: (A) in air, (B) at PO, =10"2torr. (C) at PO, =
107 torr.

In the case of the spinel prepared at low
PO,, Fe** enters into the structure on T-
sites; no vacancies or cations A>* on O-sites
are produced, the cubic symmetry around
the T sites will be retained and we find a
single line for the Fe?* (T).

Quenched Co;0,; *’Fe has a Mdssbauer
spectrum consisting of lines corresponding to
Fe** (T) and Fe** (O). This is only possible

if the difference between the preferential
energies for the O-sites of Co>* (or Co*")
and Fe*' is close to 3 Kcal/Mol (2). The
Fe’* cations will be shared by the two
sublattices. In this case the entropy term
controls the cation distribution. The Fe**
distribution the two sublattices will depend
on the difference P[Co>* (O)]-P[Fe**
(0O)]=4P.
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When Boltzman statistics (15) are applied
to the Fe®* distribution (see formula [1]),
taking the & factor as the Fe** (O) propor-
tion, we obtain AP = 6.03 Kcal/mol allowing
the possibility of the existence of a mixed
valence structure. This value corresponds to
the energy necessary to interchange Co>*
(O) for Ee** (T) or Co** (T).

When comparing quenched and slow-
cooled Co,0, samples we observe also
completely different X-ray powder
diagrams. Our X-ray diagrams from slow-
cooled samples exactly fit the data in the
ASTM card (16). In the case of quenched
samples we observe an important reduction
in the number of lines and a slight shift of the
peak positions. This result also suggest the
existence of the mixed valence structure,
which can be interpreted as a new high
temperature phase. The X-ray data can be
explained with the same assumptions we
used to interpret the Mossbauer data. This
subject will be further analysed in a future
communication (17).
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b. Sources

The ’Fe™ daughter in the prepared source
spinels (*’CoCr,0,, *’CoRh,0,, *’Co;0,
and Zn *’Co,0,) oc’cupies the same site as
the radiactive *'Co.

It has been observed for simple transition
metal oxides (18) that the cationic vacancy
concentration increases with increasing PO,.
Similar behaviour can be assumed in the case
of our double oxides.

We find that the *’Fe™**/*"Fe™?"* ratio in
the Mossbauer spectra depends on PO, (see
Fig. 8). According to Tejada (9) we assume
that the Fe*" fraction will depend on the
vacancies concentration which in turn
depends on PO,. This result has also been
found in *’CoO (19).

After the electronic capture by the *’Co,
due to Auger process the >’Fe™ remains for a
very short time interval (less than 1071
seconds) in a very high oxidation state.
When a vacancy exists near the °'Fe, there
is a high probability for one of the

©— 57coRng 04

%Fe3*
®— 57cocr, 0,
100 —O—
80
60+ —o—
—— —0O—
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_._
T Al T T T L L l
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Log. PO,

F1G. 8. Dependence of the Fe®” fraction on the PO, during the oxidation process.
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emitted Auger electrons to be trapped by the
vacancy.

In the cases of >’ Co304 and °’CoRh,0,
(the last one prepared in air) we always find
that Co’* goes to Fe®*. The Auger
mechanism cannot solely account for the
Co** — Fe** decay since it does not occur in
practice in a 100% of the electron capture
decays. In order to explain the appearance in
this case of a unique ferric line we assume, by
analogy with the simple oxides, the existence
of cation vacancies. Because of charge neu-
trality there will be a small Co*" (T') fraction,
which after electronic capture, goes to Fe**
hiding in so doing the non existence of 100%
Auger cascade processes (20). In order to
take into account the structure stability we
have to admit that each vacancy affects
several cations.

The source 57CoCr204 synthesized at
107" torr. gives a single Fe** line spectrum,
this seems to indicate that the lattice is prac-
tically free of vacancies.

The *’Co30, spectrum obtained by slow
cooling has been fitted with a Fe>* (T) singlet
and a Fe** (O) doublet; the last one is due to
a displacement of the oxygen atoms during
the cooling process. In view of our results
after a quenching process, it seems, however,
that the symmetry around Fe** (T) is
broken. As in the case of absorbents, the
quenched sources give different results as
compared with slow-cooled sources. The
best fitting is obtained by means of a Fe** (T')
doublet and a Fe*>* (O) singlet, meaning that
the cubic symmetry around the O-sites is
preserved.

Conclusions

1. The decay of *’Co*" to *'Fe* is made
possible by the presence of vacancies in the
lattice. Only those spinels synthesized at low
PO, (10 %torr. for ° "CoCr,04) can be
considered vacancy free. At low PO,
synthesis conditions one single line spinel is
obtained. The purity of the starting material
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is very important in order to minimize the
Fe** fraction.

2. Iron as constituent or impurity, in the
air synthesized spinels, is always trivalent
regardless of its position. When a cation Fe*
is present in T-sites, its cubic symmetry is
broken. The only plausible interpretation for
the high value of AQ for Fe*" (T) and Fe**
(O) seems to be the presence of B vacancies
in the case of Fe** (T) and the movement of
oxygens along [111] in the case of Fe’* (O).

3. At high temperature a mixed valence
structure of Cos;O4 has been found. New
X-ray powder measurements are necessary
in order to further explain this point.
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