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When Fe3+ ions are substituted by aluminum or chromium on magnetite octahedral sites, the ir 
spectrum shows the conversion of an inverse spine1 to a normal spinel. Both broad bands of magne- 
tite are gradually replaced by the four characteristic bands of normal spinels II-III. They are also 
observed for solid solutions, FeCr204-FeA1204, with, however, a further band at 780 cm-’ which 
may be assigned to AP ions on tetrahedral sites. Low-temperature (~400°C) oxidation of these 
compounds whose sizes are less than 2000 8, results in lacunar spinels III-III. The ir spectrum of 
these solids is characterized by two absorption bands (as for inverse spinels 11-111) except for com- 
pounds close to pure yFe203 in which an order of vacancies could be put in evidence. 

Introduction phic sites and even, in some cases, to be 
ordered. 

The present paper is part of a more general 
work on finely divided substituted magnetites 
and on the lacunar spinels III-III resulting 
from their oxidation. Interesting results on 
structure were obtained by ir spectrometry, as 
shown by Tarte and Preudhomme’s (1-3) 
study of mixed oxides crystallizing in the 
spine1 system, which supplement those ob- 
tained by other techniques such as X-ray 
diffraction. 

Therefore, the ir spectrometry investigation 
of substituted magnetites to make Tarte’s 
work complete and of the new series of lacu- 
nar spinels III-III derived from the ses- 
quioxide, yFe,O,, was worth undertaking. 

Samples 

In fact, magnetites substituted by trivalent 
A13+ or Cr3+ ions are solids whose inversion 
ratio varies progressively with substituent 
content. In addition, with lacunar spinels, we 
deal with lattices where vacancies are likely to 
be distributed on both types of crystallogra- 

I. Substituted magnetites. The process used 
to obtain substituted magnetites, (Fe2+Fez?,- 
M~+)O~-, 0 < x < 2, M3+ = A13+, Cr3+ is re- 
ported elsewhere (4-6). These phases were 
obtained with crystallites ranging from a few 
hundred to several thousand angstroms. On 
the whole, the samples investigated were of 
average size, i.e., less than 1000 A (300-800 A). 

* Correspondence: B. Gillot, Laboratoire de 2. Solid solutions between iron aluminate 
Recherches sur la RkactivitC des Solides associk au and chromite. A process similar to that used to 
C.N.R.S., Facultt des Sciences Mirande, 21000 Dijon, synthesize substituted magnetites (7) allowed 
France. these compounds, (Fe2+Al:Z,Cr~+)O~-, 0 < 
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x < 2, to be obtained. A structural study 
showed them to be normal spinels (8). Crystal- 
lite size was about 800 A. 

3. Solid solutions with lacunar spine1 struc- 
ture. Lacunar spinel-type, cubic sesquioxides 
were obtained by low-temperature oxidation 
(200-500°C) of substituted magnetites accord- 
ing to : 
2(Fe2+ Fe:+, M:+) O:- 

+ 3 0, --f 3y(Fe:f, M,3+)2 Oi- 

withO<x<2,x=3y,andO<y<2;;M3+= 
A13+, Cr j+. They are derived from yFe,03 
through substitution of Fe3+ ions by A13+ or 
Cr3+ ions. From the structural standpoint 
they may be formulated as follows: (Fe&,- 
M&f n)Of;, 0 < :v ~3. A vacancy distribution 
on octahedral sites resulting in a structure, 
Fe:+(Fe~‘8,Cr~:o)O~;, 0 i y < 5, is to be ex- 
pected from earlier crystallographic and mag- 
netic studies (9), although no superstructure 
ray corresponding to a vacancy ordering on 
those sites could be detected. For higher 
chromium contents, 3 < y < 3, some vacancies 
must be assumed to be on tetrahedral sites, as 
the Cr3+ ions cannot move onto these sites. 
For A13+ ions, substitution also seems to occur 
on octahedral sites and, at least for iron-rich 
compounds, the vacancies, like the A13+ ions, 
seem to be on octahedral sites. 

In the same way, oxidation of solid solu- 
tions between iron(H) aluminate and chro- 
mite yields cubic sesquioxides of the Iacunar 
spine1 type (7) : 

2(Fe2+ Al:?, Cr:‘) O:- 
+ + 0, -+ 3r(Fe:T, AlZJT3+ Cr,3+), Ot-, 

o<x<2, x = 3y, o<y<+. 

From the structural standpoint these phases 
may be written as : 

(WT, Alf&3-8, Crz: u) O:;, 0 < y < 3. 

An initial, structural investigation of these 
compounds (7) shows that at least one-third 
of the vacancies are on tetrahedral sites, their 
formula approaching : 

Feil; cli3 G41f,+,3-8, CG o,,,) Of;, 
o<y<*. 

The morphology of these lacunar spinels is 
similar to that of the initial phases (substituted 

magnetites, solid solutions between iron(H) 
aluminate and chromite); crystahite sizes, 
especially, are almost the same. 

The reaction kinetics (10, 11) were followed 
in a thermobalance by oxidizing very low 
amounts of specimens (17 mg). 

Experimental 

The ir spectra were recorded on an ir 4250 
over the range 200-4000 cm-‘, but as the fre- 
quency region above 1100 cm-’ contains no 
information, only the spectra in the 200- 
1 lOO-cm-’ region are given. A sample of about 
1 mg (about 0.5 mg for inverse spinels) was 
ground and mixed with 200 mg of CsI before 
being pelleted under 160 bars. Routine con- 
ditions involve an error of about 41 cm-’ for 
low frequencies, whereas it may be greater for 
higher-frequency bands owing to their 
broadening. 

Study of Spinels Containing Fe2+ Ions 

1. Results 
(a) Solidsolutions between iron aluminate 

and chromite (Fe2+A1~?,Cr~‘)O~-. The in- 
terest of such a series of compounds lies in the 
fact that, theoretically, we have normal 
spinels with substitution occurring solely on 
octahedral sites. Figure 1 shows the shape of 
the spectrum versus the substitution ratio. 
When atuminum is substituted by chromium 
all bands shift toward low frequencies (Fig. 2). 
vJ, however, is the frequency band showing 
the largest shift as it declines from 512 to 
370 cm-‘, i.e., a decrease of 142 cm-r, a value 
which agrees with that observed for other 
systems (Table I) differing from ours solely by 
a different divalent cation on tetrahedral sites 
(2, 14. 

In addition, vj has a rather complex be- 
havior, at least for low aluminum substitution 
ratios, since for the compound (FeCr,.,Al,.,)- 
04, a multiplet is observed. The broadening 
and intensity of both high-frequency bands are 
also seen to depend basically on the nature of 
the trivalent cation. These bands broaden as 
aluminum substitution proceeds. For the 
solid, aluminum-rich solution a shouldering is 
observed around 780 cm-r. 
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FIG. 1. Infrared spectra of solid solutions (FeZ+AI:?,Crz+)O:-. 

“I “2 “3 “4 

I I - 
Y  -0.664 

I r 
I 

Y=O.500 

I I 

Y =0.333 

I 
I - 

Y=o.266 

I I I I 

y=o 

800 700 600 500 400 300 cm-1 

FIG. 2. Vibrational behavior: solid lines, solid solutions (Fe*+Al:?,Cr:+)O:-; dashed lines, lacunar spinels 

y(Fe::,A1:_‘,Cr,“+)z05-. 
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Sample 

FeA1204 
FeCrzOd 

ZnAl,O, 
ZnCr,O, 
CoA1,04 
CoCr204 

TABLE I 

v3 (cm-‘) 

512 
370 

518 
375 

533 
380 

Shift (cm-‘) 

142 

143 

153 

absorption bands, which are always observed 
and may be ascribed to v1 and v2, as formu- 
lated by Tarte (2) (Fig. 3). As soon as a sub- 
stitution ratio, x > 0.80, is reached, a lower- 
frequency band v3 is seen to appear; its in- 
tensity rises more and more as iron chromite is 
approached. For intermediate compositions 
(X = 1.20 and 1.60), vj is divided into two com- 
ponents. vq could not be observed with our 
assembly; however, comparing with other 

MgALOzs 580 chromites (2), this band should occur around 
MgCrA 430 150 190 cm-‘. Finally, at a fixed frequency of 

450 cm-’ a shouldering is observed. 
Following the insertion of Cr3+ ions on mag- 

(b) Zron(ZZ)ferrichromites and iron chro- netite octahedral sites a shift of all vibrational 
mite (Fe2+Fe:?,Cr:+)Of-. Conversion of the frequencies toward high frequencies is noticed 
inverse spine1 into the normal spine1 over sub- (Fig. 4). 
stitution is shown on the ir spectrum by a (c) Iron(l1) ferrialuminates and iron(l1) 
gradual sharpening of both high-frequency aluminate (Fe2+Fe~?,Al~)O~-. The order of 
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FIG. 3. Infrared spectra of chromium-substituted magnetites, (Fe2+Fe2?,Cr:+)O:-. 
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FIG. 4. Vibrational behavior: solid lines, chromium-substituted magnetites (Fe2+Fe$Z,Cr~+)O:-; dashed lines 
Iacunar spinels y(FefZ,Crf?),O$-. 

band occurrence for this series of compounds 
is similar to that in the previous case. For 
magnetite, intermediate compositions, and 
iron aluminate, we pass from two to three and 
four bands, respectively (Fig. 5). They, how- 
ever, remain broad whatever the substitution 
ratio and as in the case of ferrichromite A13+ 
ions, insertion on the octahedral sites of mag- 
netite causes all bands to shift toward high 
frequencies (Fig. 6). 

Note that for iron aluminate and as ob- 
served for other aluminates (2) three strong 
bands are found in the high-frequency region. 
The 512-cm-’ band whose intensity is even 
higher than v3 (Fig. 5) is to be assigned to v3 
since, as already seen for solid solutions 
(Fe2+A13?,Crz+)Ot-, this band shifts steadily 
toward low frequencies, when aluminum is 
gradually substituted by chromium on octa- 
hedral sites, and eventually reaches 370 cm-’ 
in the pure FeCr,O, compound. 

A shouldering around 780 cm-’ is also 
noted for aluminate. 

2. Discussion 

(a) Solid solutions between iron aluminate 

and chromite. Normal spinels II-III show the 
four bands corresponding to the ir active 
modes (13). Two strong, high-frequency, 
more or less broad bands and one or two lower- 
frequency, weak, and narrow bands are 
obtained. 

Our results-which agree with those of 
Preudhomme and Tarte (2), who thoroughly 
investigated normal spinels II-III by varying 
either the tetrahedral cation (same octahedral 
cation), or the octahedral cation (same tetra- 
hedral cation)-substantiate clearly that vi 
and v2 depend on the nature of the trivalent 
cation, with maximum values of 620 to 670 
cm-’ for vi and 510 to 560 cm-’ for v2. The 
governing factor of these variations should be 
the strength of the bond between the trivalent 
cation and the oxygen anion; vi and v2 are to 
be ascribed to the vibrations of the condensed 
octahedra of the lattice (2). 

According to the same authors (2), the 
lower-frequency bands vg and v4 are to be as- 
signed to the complex vibrations involving 
both octahedral and tetrahedral cations. In 
our case, the complex behavior of vj for 
(FeCr,,,Al,.,)O, and its shift from 280 to 370 
cm-‘, whereas the tetrahedral cation remains 
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FIG. 6. Vibrational behavior: solid lines, aluminum substituted magnetites (Fe2+Fe:lr,Al:+)Oi-; dashed lines, 
lacunar spinels y(Fe:T,Al~+)20:-. 

the same, results from a major contribution of 
the octahedral cation to this vibrational mode. 

tions such as ZnCr,O,-ZnAl,O,andCdCr,O, 
CdFe,O, (2). 

Similar behavior was observed for solid solu- As for v4, although it has been shown that it 
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basically depends on the tetrahedral cation (Z), 
its shift toward low frequencies as the chro- 
mium content increases suggests that the octa- 
hedral cation influence is not to be neglected. 

The shouldering of iron aluminate at 780 
cm-’ might be attributed to low amounts of 
A13+ ions on the tetrahedral sites, despite the 
low temperature of preparation (<8OO”C). 
Aluminate prepared at a higher temperature 
(1 IOOC) shows a more marked shouldering, 
which may indicate the presence of a larger 
quantity of A13+ ions on tetrahedral sites. 
Attribution of this shouldering to aluminum 
on tetrahedral sites is strengthened by the pre- 
sence of a shouldering or a weak band in 
several aluminates with a spine1 structure or in 
several ferrites when a low amount of coor- 
dinated iron is replaced by aluminum (14). 
This further band was assigned to an “iso- 
lated” AlO, group. 

(b) Aluminum- OY chromium-substitufedmag- 
netites. Interactions may always occur between 
the four ir active modes owing to the fact that 
they belong to the same representation T,, (3). 
The question becomes still more complex for 
inverse spinels where cations with a different 
valence are on the same type of site and hence 
disturb local symmetry. Thus, that or those 
atoms causing a given vibration will be less 
readily identified. 

The cation distribution versus the aluminum 
or chromium substitution ratio was deter- 
mined from the Mossbauer effect and mag- 
netic and crystallographic measurements (1.5, 
16). It may vary slightly depending on the na- 
ture of the substituent, whereas gradual sub- 
stitution of A13+ by Fe3+ ions on octahedral 
sites causes a nearly equal number of Fe*+ ions 
to move onto octahedral sites. In the case of 

ferrichromites this distribution is more ran- 
dom: For a substitution ratio such that 
x < 0.20 the spine1 is totally inverse; it is to- 
tally normal for x > 1.40. 

Both frequency bands, v, and v2, observed 
whatever the substitution ratio was assigned, 
at least for high substitution ratios (X > 1.40) 
to the condensed octahedra vibrations in the 
spine1 lattice. Indeed, when introducing Fe3+ 
ions on octahedral sites the shift of v1 and vz 
toward lower frequencies agrees with the 
absorption ranges reported by Tarte (I) for 
some condensed octahedral groups, AlO,, 
CrO,, and FeO, in various spinels. Figure 7 
shows that the lowest frequencies are related 
to the FeO, groups, those low frequencies re- 
sulting probably from a lowering of the 
cation-oxygen bonding force. 

The shift of vj toward low frequencies and 
its splitting for ferrichromites with x = 1.87 
and 1.60 may be related to a significant con- 
tribution of the octahedral cation to this mode 
of vibration as is the case for solid solutions 
FeAl,O,-FeCr,O,. In addition, the weakening 
of v3 as the number of Cr3+ ions decreases is 
direct evidence of the octahedral cation in- 
fluence. As the substitution ratio of Cr3+ or 
A13+ ions decreases, v3 disappears and two 
broad bands, frequently observed for inverse 
spinels only, remain (17-19). The ir spectrum 
is then typical both of a disordered, inverse 
spine1 (two diffuse bands) and of a solid com- 
pound containing mobile electrons responsible 
for a continuous absorption coinciding with 
the vibrational absorption. The abnormally 
high value of electric conductivity and the 
very low activation energy under vacuum, 
for x < 0.80 (20) confirm an electronic ex- 
change made easier by the simultaneous pre- 
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i-mp~----I- 
700 600 

.~-L.- 
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FIG. 7. Comparison of absorption ranges of condensed AIOs, CrO,, and FeO, octahedra in spine! compounds. 



382 GILL01 

sence of Fez+ and Fe3+ ions on octahedral 
sites. 

On the whole, the ir spectrum of these com- 
pounds shows many analogies despite a 
slightly different distribution of cations on 
each site of the spinel. 

Investigation of Lacunar Spinels Containing 
Fe3+ Ions 

I. Results 
(a) Lactlnar spine/s, r(Fe:~Al$-yCr~+)2- 

Oi-. The ir spectrum shows two bands (Fig. 8) 
which broaden and shift steadily toward high 
frequencies when passing from oxidized iron 
chromite to the aluminate (Fig. 2). 

A shouldering is also observed at 780 cm-’ 
for the solid, aluminum-rich solution. 

(b) Lacunarspinels, y(Fe~Z,Cr;+),O~-. Cubic 
sesquioxides obtained by normal spine1 oxida- 

ET AL. 

tion (y > 0.53) show two broad, high-fre- 
quency bands slightly shifted toward frequen- 
cies higher than those of nonoxidized ma- 
terials (Fig. 4). When the chromium substitu- 
tion ratio decreases new bands appear (Fig. 9); 
they become sharper and sharper and more 
and more numerous as yFe,O, is approached, 
and eventually give the characteristic spectrum 
of ordered yFe,O, (Fig. 9) (3). 

(c) Lacunar spine/s, y(Fe:+,Al:+),0,2-. These 
lacunar phases are very similar to those men- 
tioned earlier by their ir spectrum (Fig. 10). 
Two differences, however, should be noted : 

(i) For aluminum substitution ratios, 
y > 0.40, both high-frequency bands are far 
broader and shifted toward high frequencies 
(Fig. 6); a further band occurs at 780 cm-’ for 
oxidized iron aluminate (Fig. 10). 

(ii) Lacunar spine1 bands such that y = 
0.09 are better resolved. 

L- 
800 700 600 500 400 cm-’ 

FIG. 8. Infrared spectra of lacunar spinels y(Fe:f,Al~:,_,Cr3,+)20:-. 
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FIG. 9. Infrared spectra of lacunar spinels y(Fe:_+,Cr;+)20:-. 

2. Discussion the vibration of either octahedral or tetrahe- 
(a) Lacrwzarspinrls, y(Fe::,Ai~l;_,Cr5f)20~-. dral groups. It, however, depends slightly on 

Oxidation of Fe’+ ions on tetrahedral sites the nature of the trivalent cation since it shifts 
results in the disappearance of the absorption toward high frequencies while chromium is 
frequency bands v3 and vq. The situation is replaced by aluminum. 
similar to that of an inverse spine1 or more The shouldering at 780 cm-‘, occurring as 
precisely to that of magnetite where ions of soon as we have (Fe,,JAl~.16Cr0.50)03, seems 
valency three occur both on octahedral and to be characteristic, as in the case of aluminate, 
tetrahedral sites. The ir spectrum showing two of “isolated” AIO, groups, which also as- 
absorption bands in the regions 625-650 and sumes a certain number of A13+ ions on tetra- 
500-530 cm-‘, may be regarded as typical of a hedral sites. However, as mentioned earlier, 
disordered spinel. However, continuous ab- the low temperature of preparation (<8OO”C) 
sorption ends due to electronic exchange does not allow us to expect a large proportion 
cancelling, which is confirmed by a high-activa- of A13+ ions on tetrahedral sites. It must be 
tion energy under vacuum (20). As a result, added that the lattice parameters are those of 
the high-frequency band cannot be assigned to a normal spine1 (21). 
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FIG. 10. Infrared spectra of lacunar spinels y(Fe:?,Al~+),O:-. 

(b) Lacunar spinels, y(Fe~?,M,3+),0:-. For 
substitution ratios, y > 0.50, the spectrum 
similarity with the previous lacunar spinels 
ir.volves a disordered spinel. 

The occurrence of new bands, as the M3+ 
ions substitution ratio decreases (those bands 
become more and more numerous and they 
are better resolved when yFe,03 is ap- 
proached), indicates a transition order- 
disorder (3). From y < 0.50 a partially ordered 
spine1 becoming perfectly ordered for pure 
yFe,O, is obtained. 

These results are in good agreement, at least 
when 0 < y < 0.10, with magnetic and crystal- 
lographic studies (21) which established an 
order of vacancies on octahedral sites. How- 
ever, for 0.10 < y < 0.40, the fact that the ir 
spectrum shows a relatively large number of 
weak and more or less diffuse bands, which 

correspond to the sharper bands of the or- 
dered type, may be explained by some kind of 
ordering in the distribution of vacancies and 
cations. In this case, X-ray analysis yields no 
superstructure ray. 

Conclusion 

Systematic investigation of the ir spectrum 
of chromium- and aluminum-substituted mag- 
netites is in good agreement with results ob- 
tained for other spinels II-III. Indeed : 

(a) For low substitution ratios (x < 0.30) 
there are only two, intense, broad absorption 
bands coinciding with a continuous absorption 
specific to inverse spinels II-III containing 
mobile electrons and hence having a high 
electric conductivity. 
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(b) The higher the substitution ratio, the 
narrower these bands (for ferrichromile only). 
A lower-frequency band vg appears subjected 
to the prevailing influence of the cations A13+ 
or Cr3+ when Fe3+ ions are substituted on 
octahedral sites. 

FeCr,O,-FeAl,O, solid solutions are 
characterized by a continuous shift of all 
vibrational frequencies toward low frequencies 
when aluminum is substituted by chro- 
mium. Band v3, depending rather largely on 
the trivalent cation, splits into two compo- 
nents, at least for solid solutions with x = 1.50. 
Finally, whatever the isomorphic substitution 
of each octahedral or tetrahedral cation, v, 
and v2 never split in two components, which 
may be justified by the condensed arrangement 
of octahedra. 

These results suggest that, on the one hand, 
the four bands result from the bond strength, 
W-0, and on the other, that spinels con- 
taining light atoms show some anomalies. 
So, the A13+ ions contribute more to vibration 
v3 than the heavy ion Cr3+; as a result v3 and 
v2 have very close frequencies and v3 is more 
intense than usual (case of aluminate). These 
vibrational differences often cause vj to be 
discontinuous when the A13+ ion replaces a 
heavy cation such as chromium in an isomor- 
phic series (FeCr,,,,Al,,,,)O,. 

The ir spectrum varies more in the case of 
lacunar spinels containing trivalent ions and 
vacancies only. It is characterized for substitu- 
tion ratios, y > 0.50-in the case of lacunar 
spinels y(Fef_“,M,3+)20<- and whatever the 
isomorphic substitution ratio for solid solu- 
tions y(Fe~~,AI~~,J3~+)‘O~~-by two broad 
absorption bands. They shift toward low fre- 
quencies when either aluminum or chromium 
is substituted by Fe 3+ ions or aluminum by 
chromium. In no case could an ordered variety 
of the same type as pure yFe,O, be detected. 
Iron(I1) ferrichromites and ferrialuminates 
having a substitution ratio y < 0.40, alterna- 
tively, are characterized by a relatively large 
number of weak bands becoming sharper and 
sharper and more and more numerous as pure 
yFe,O, is approached. A partially ordered 

spine1 is converted into a perfectly ordered 
spine]. 

Finally, with both X-ray diffraction and ir 
spectrometry one may observe the order de- 
crease on a large distance versus substitution 
ratio, but with ir spectrometry one may ob- 
serve only a short-distance order in the inner 
domain. 
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