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The effect of substitution extent on formation of superstructure-ordered vacancies in zinc-substituted
lacunar spinels of type (Zn}*Fe}? ;) .(Fed rysTu-2y3)803~ was investigated using ir spectrometry. Only
those lacunar phases whose substitution extent x is less than about 0.3 show a vacancy ordering on
octahedral sites. In addition, referring to the disappearance of the 635-cm™ absorption band, which is
characteristic of these lacunar spinels, we show that the transformation temperature of the ¥ phases
into aFe,0, increases with zinc substitution extent. For the a phase obtained at 700°C we have found a
linear variation between the intensity difference of the 390- and 450-cm™ absorption bands and the

percentage of aFe,0O;.

Introduction

Previous studies (/-3) using X-ray dif-
fraction and ir spectrometry have shown
that the oxidation of finely divided magne-
tites (crystallite size less than about 3000 A)
substituted by aluminum or chromium of
type (Fe®*Fedf,M3MH0% (0 < x < 2), de-
pending on temperature, resulted either in
lacunar phases of similar spinel structure or
to corundum structure phases. For lacunar
phases (FesysM3s0:1)05 (0 < y < %)
the occurrence of a large number of absorp-
tion bands in the region 200-750 cm™ and
of a large number of superstructure rays in
X-ray diffraction for low-substitution ex-
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tents (y < 0.26) confirms a vacancy ordering
on the octahedral sites of the spinel lattice.
At higher substitution extents ordering dis-
appears and the ir spectrum is character-
ized by two absorption bands as for inverse
spinels.

The transformation of these metastable
lacunar phases into rhombohedral phases
a(Fedt ,M3")03%™ (0 < y < 6) by temperature
rise was also followed by ir. For a.phases
substituted by chromium a linear variation
of frequency with the chromium content
was observed. This allowed us to identify
an unknown compound of type a(Fe}?,
Cr3t)O%™ and it has been established that, in
certain temperature conditions and oxida-
tion times, the a phase composition during
transformation could differ from that of the
corresponding y phase.
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Following this work it seemed of interest
to extend the investigation to zinc-substi-
tuted magnetites, which also oxidize into
lacunar phase for sufficiently small crystal-
lite sizes; these phases may exhibit a va-
cancy ordering. In addition, the present
study is extended to phases obtained by
precipitation of aFe,Q; from the same lacu-
nar phases during a temperature rise.

Samples and Experimental Methods

The preparation conditions of zinc-sub-
stituted magnetites, in principle, do not
differ from the previous method used to
prepare aluminum or chromium-substituted
magnetites (4). The thermal decomposition
of mixed iron and zinc oxalates such as
(Fe1-2Znz)Cy04, 2H0 (0 < x < 1) leads,
through adequate thermal treatments at low
temperature (<S500°C), to the solid solu-
tions Fe3Oyq-»ZnFe,04, Which are ex-
tremely divided solids and hence largely
reactive.

Radiocrystallographic analysis shows
that the samples contain only the spinel
phase with, sometimes, a small amount of
Zn0 for high Zn-substitution extents. Only
samples with an X-ray pattern free from the
Zn0O phase were used to carry out the ir
studies. The synthesized materials were
mixed spinels (Fe?* ions on octahedral sites
B and Zn** ions on tetrahedral sites A)
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which show an increase in the lattice pa-
rameter with the substitution extent x (Ta-
ble I). The formula of these compounds
may be written:

(Zn3 Feit,)s(Felt Feil,)s05
O<x<1.

Crystallite size measurements by elec-
tron microscopy and from the specific sur-
face show that the samples consist of al-
most spherical grains° of average diameter
between 400 and 900 A, depending on prep-
aration conditions (Table I).

Defect spinels of cubic sesquioxide type
are obtained by low-temperature oxidation
(<300°C) of the previous solid solutions
according to the reaction:

(Zn¥Feii Fed"Oi + (1 — x)/40,—
x(Zn**Fe§*0%7),3/2(1 — x)Fed*03™.
Crystallographic and magnetic studies (5)

allow one to attribute the following struc-
tural formula to these metastable phases:

(Feg(ﬁ—z)h:%g)A(Fegiz[:ll—I)Bofz_
O<x<,

the vacancies being on octahedral sites and
zinc on tetrahedral sites. The morphology
of these defect spinels is similar to that of
the initial phases, in particular the size of
the crystallites is the same.

TABLE 1
SAMPLE CHARACTERISTICS

Crystallite mean

size (A)
Specific Lattice
Samples area Specific Electron parameter
(Zn%+Fe}* Fed*)0%~ (m?/g) area microscopy A)
0 16.3 600 600 8.397
0.15 18 530 500 8.402
0.27 15 650 550 8.409
0.49 11 710 600 8.420
0.76 9.7 830 690 8.427
1 15 600 550 8.440
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DTA of the samples was conducted in the
presence of air and following thermal rises
of 600°C/hr (5). The diagrams obtained
show two exothermic phenomena. The
former corresponds to the temperature at
which the oxidation of the Fe** ions is
maximum; the latter is attributable to the ¥
cubic-phase transformation obtained after
oxidation into the rhombohedral phase «
following the reaction;

(1 - x)ZnFe204 — XFe 03 —
(XFezoa) + (1 - x)ZnFe204.

The different oxidations (vs time and vs
temperature) were performed in a Setaram
MTB 10-8 microbalance.

The ir absorption technique has already
been described (/). The spectra were re-
corded with a Beckman ir 4250 spectrome-
ter over the range 1100-200 cm™. About 1
mg of sample was mixed and ground with
200 mg CsI before being pelleted under 160
bars pressure.

Results and Discussion

1. Initial Phases (Zn%Fe$* )(Felt,
Fellr)sO%

In Fig. 1 a number of selected spectra of
zinc-substituted magnetites are repre-
sented. Conversion of the normal spinel (x
= 1) into the inverse spinel (x = 0) is shown
on the spectrum by gradual broadening of
both high-frequency absorption bands v,
and v;. In a number of cubic ferrites
(I, 6, 7) the absorption v; was detected
round 550 cm™ and the absorption v; was
detected round 400 cm™. In zinc-substi-
tuted magnetites with varying zinc content,
the absorption v; and v, were also detected
in the same regions as can be seen from
Fig. 1.

The frequency band v, shifted only to-
ward high frequencies as a function of the
Fe?* ion content due to the replacement of
Fe®* ions by Fe** ions on the octahedral
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Fic. 1. Infrared spectra of (ZnZ*Fe}t,),
(Fe}*.Fe$t,)s0% spinels over the range 200-800cm™.

sites of the spinel lattice. The two broad-
ened bands observed for low-zinc-substitu-
tion extents are typical both of a disordered
inverse spinel (two diffuse bands) and of a
solid compound containing mobile elec-
trons, responsible for a continuous absorp-
tion coinciding with the vibrational absorp-
tion. The abnormally high value of
electrical conductivity for x < 0.5 (8)
confirms an electronic exchange made eas-
ier by the simultaneous presence of FeZ*
and Fe®* ions on octahedral sites.

For high substitution extents (x > 0.7) a
lower-frequency band (weak and sharp) vs
is seen to appear. The v, frequency band
could not be observed with our assembly;
however, from comparison with other zinc
ferrites prepared differently (7, 9) this band
should occur around 170 cm™.

2. Lacunar Phases (Zn%**Fe3t,),
3+ -
(Fe¥tmsOa-zws)s OF

Figure 2 gives the profile of the ir spec-
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FiG. 2. Infrared spectra of  defect

(ZnZ* Fe}l,)(Fel: zyslu-2s)0% spinels.

trum of the y phases obtained by oxidizing
the previous initial phases at 300°C. For
compositions x < 0.3 the spectrum differed
slightly from pure 7yFe;0s;. It showed a
relatively high number of absorption bands
over the range 200-750 cm™ with 15 infra-
red absorption peaks occurring at 720, 691,
635, 596, 580, 554, 474, 450, 421, 390, 365,
326, 311, 260, and 220 cm™. Of these, the
peaks at 390, 450, 554 and 635 cm™ were
the most intense and are assumed to be due
to the stretching vibrations of the Fe-O
bonds. The relatively weak intensity of
other peaks shall be assumed due to the
bending vibrations of the O-Fe-O bonds
(2). For x > 0.3 the bands of weak intensity
disappear progressively and those at 450
and 635 cm™ are only shoulders. The spec-
trum then is slightly different from that of
the initial phase of the same composition x.
Referring to the structural formula of these
lacunar phases, it is observed that all va-
cancies are on octahedral sites as for
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vFe;03 (x = 0), where the number of va-
cancies is maximum, and, moreover, this
number varies with x since it is directly
related to the number of Fe?* ions initially
present. In the same way, for compositions
x < 0.3, given the similarity of spectra with
vFe, 03 (2), the large number of absorption
bands may be attributed to the occurrence
of a certain order in the vacancy and cation
distribution on octahedral sites. Besides,
this ordering is confirmed by the presence
of superstructure reflections in the X-ray
diffraction spectrum. The fact that this or-
dering remains up to x = 0.3, i.e., for a
vacancy extent § higher than 0.23 (6 = (1 —
x)/3), is to be related to partially oxidized
magnetites where, for an oxidation ratio 8
> (.26, we have also found a large number
of absorption bands specific to a vacancy
ordering on octahedral sites (2). Indeed,
relating the formula of partially oxidized
magnetite (Fe3*),(Fe?t,;Fe3t;:[1,),03 (0 <
8 < ¥ to that of lacunar phases v, it is
noticed that the only difference between
both formulae on B sites is the valence of
iron cations. Thus it is no wonder that a
similarity is found in the ir spectrum for this
composition range.

In addition, in both cases, when the
vacancy extent decreases, the ordering dis-
appears. This agrees fully with the absence
of superstructure reflections in the X-ray
diagram along with a considerable change
of the ir spectrum, which shows a relatively
low number of absorption bands.

3. Precipitation of aFe,03from vy
Lacunar Phases

As for lacunar phases resulting from the
oxidation of trivalent ion-substituted
magnetites, DTA (3) and electrical conduc-
tivity measurement (9, /0) showed an in-
crease in the stability of these y phases with
an increase of the zinc-substituted extent.
These phases undergo crystal structure
changes on temperature rise. In all cases
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there is precipitation of hematite and for-
mation of ferrite according to:

(Znk Fedomna-p)05 —
xZn**Feit03~ + 4/3(1 — x)FedtO%;

zinc-rich phases are the more stable since
temperatures of about 600°C are required
in the transformation corresponding
to composition x = 0.76 against only
400°C for transformation y(Fe§i;ys)
0% — $Fed*03%™.

Figure 3 show the ir spectra of both
hematite and ferrite phases when the lacu-
nar phases of different composition are
heated to 700°C for several hours. The four
pure aFe;O; bands at 540, 470, 390, and 320
cm™l, respectively, are always present but
during zinc substitution a shift is observed
towards the low frequencies of the band at
470 cm™ with its disappearance for pure
ferrite. Thus the effect of the ferrite phase
seems only to shift this band and cause the
intensity of absorption bands of a«Fe.0; to
vary, especially the 390-cm™ band. The
intensity difference between the 390- and
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F1G. 3. Infrared spectra of aFe,O; + ZnFe,O,
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FIG. 4. Evolution of the intensity difference of the
390 and 450 cm™! bands as a function of zinc-substitu-
tion extent.

X=0.15
time: 22hrs

transmission %

20

700 500 300 y

Fi1G. 5. Evolution vs temperature of the ir spectrum
of the ¥ phase of composition x = 0.15.
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the 470-cm™ band results in a linear varia-
tion with composition (Fig. 4); hence, it is
possible to determine the unknown substi-
tution extent of a zinc-substitution
magnetite.

These results show that whatever the
substitution extent X the ir spectrum is
slightly changed since only the proportion
of both phases aFe;03 and ZnFe,0, varies
but not the composition. The result is that
the two strong bands of high frequency at
about 550 and 390 cm™!, which must neces-
sarily be assigned to the vibrations of M™Qs
octahedral groups (//, /2), are in the ab-
sorption range 390-550 cm™ of the group of
“condensed”’ FeOs octahedra. This ab-
sorption range is also that of the two strong
bands of vy lacunar phases (3).

4. Evolution of the Infrared Spectrum vs
Temperature and Oxidation Time of the 7y
Phases

For temperatures less than 700°C but
above the oxidation temperature into the vy
phase (300°C), the ir spectrum of these y
phases varies with temperature and time.
Figures 5, 6, 7 and 8 show the ir spectrum
profile during transformation for two
largely different compositions: x = 0.15
when the 7y phases are ordered and x = 0.76
when they are not ordered. Whatever the
composition, the conversion of the y phase
into the a phase occurs progressively
whether as a function of temperature for a
given oxidation time (Figs. 5 and 7) or as a
function of time for the same temperature
(Figs. 6 and 8). It is then possible, by fixing
the oxidation time, to evaluate a transition
temperature for each composition. For this
purpose, it is possible, for example, to refer
to the temperature at which the 635 cm™
peak disappears. This peak—although its
intensity varies with composition—is char-
acteristic of the y phase whether it is or-
dered or not. The variation of the transition
temperature with composition (for x >
0.70, the sensitivity of the method depend
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FiG. 8. Evolution vs time of the ir spectrum of the y
phase of composition x = 0.76.

on composition), represented in Fig. 9,
expresses an increase in the stability of
these vy phases along with the increase of
the zinc-substitution extent. A similar
change is obtained for conversion tempera-
tures determined by other techniques such
as DTA (5, 13) or electrical conductivity
(10) (Fig. 9). The differences between
transformation temperatures recorded for

Q temperature °C
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Fic. 9. Effect of composition on precipitation of
aFe,0, in Zn ferrous ferrites. [J, present study; A, by
conductivity: Ref. (/0); O, by DTA: Ref. (5); B, by
DTA: Ref. (/3).
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the different methods results, on the one
hand, from the reference selected for trans-
formation (in DTA for example, it is the top
of the exothermic peak) and, on the other,
from crystallite size (in Ref. (/3) crystallite
size is around 1 pm).

Conclusion

Infrared and X-ray investigation of the
lacunar phases obtained by oxidation of
zinc-substituted finely divided magnetites
enables us to conclude that, for a given
vacancy extent (6 > 0.23), the existence of
superstructure rays and a large number of
absorption bands agrees with vacancy and
cation ordering on octahedral sites. We
can, then, state that, following the presence
of a relatively low number of absorption
bands for substitution extents above x =
0.30, this ordering disappears, which is in
full agreement with the total absence of
superstructure rays in the X-ray diagram
(5). As for the ir spectrum of the a phases
resulting from full conversion of y phases at
700°C, it always shows four absorption
bands (apart from pure ferrite) and changes
little due to the fact that the transformation
always leads to two phases of the same
composition, i.e., hematite and ferrite.
Since the difference in intensity between
the 390- and 450-cm™! bands varies linearly
with the zinc-substitution extent, an un-
known composition can be determined. Fi-
nally, during the transformation of these y
phases into a phases over the temperature
range 400—600°C, we have shown, referring
to the disappearance of the 635-cm™ ab-
sorption band, that the stability of these
lacunar phases increases with zinc substitu-
tion.
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