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Well-crystallized particles of y-ferric oxide, prepared by a vapor phase reaction, have been studied by
means of X rays and electron diffraction. A statistical distribution of iron vacancies inside the cubic
spinel structure is dismissed. The vacancy ordering leads to a cubic superstructure with a threefold
unit cell. However, different degrees of vacancy ordering can be observed. Moreover, the occurrence
of plateletlike crystals has atllowed us to recognize intermediate states between the y- and a—Fe,0,
structures. The importance of preparative conditions is clearly established.

Introduction

Like ALO; or Mn,0;, ferric oxide may
crystallize with two structures; the y cubic
form transforms, in a monotropic way, into
the more stable a form, which has a rhom-
bohedral lattice.

The ferrimagnetic v form is generally pre-
pared by dehydration of the corresponding
oxyhydroxide y-FeOOH (lepidocrocite) or
by oxidation at low temperature of
magnetite, Fe;0,. Higg (1) and Verwey (2)
have studied its structure independently us-
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ing X-ray diffraction powder data; they pro-
posed that y-Fe,O; has the same inverse
spinel structure as magnetite, but with cat-
ion vacancies since 214 iron atoms instead
of 24 would be located in 8 tetrahedral and
16 octahedral holes of the oxygen close-
packed lattice. The vacancies (2%) were as-
sumed to be randomly distributed in the oc-
tahedral sites occupied by iron in
magnetite. The resulting space group re-
mains Fd3m, as for the ideal spinel struc-
ture.

Néel (3), from the calculation of the satu-
ration magnetization, concluded that the
vacancies were located in the octahedral
cation sites of the spinel structure (16d).
Braun (4) proposed that the same symme-
try (P4,32 or P4,32) appears in y-Fe,0; as
in LiFesOg, hydrogen ions being trapped in
the cation vacancies. This conclusion is
supported by (i) the existence of a number
of extra reflections (forbidden by the spinel
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space group) in the X-ray powder pattern
(4, 5), which also occur in the diagram of
the ordered lithium ferrite Feg[LisFe2]0s,
(the square brackets denote the cations in
octahedral sites), and (ii) the fact that the
stability of y-Fe,O; seems to be connected
with the presence of water (2, 6).

Later, Van Ossterhoot and Rooijmans
(7) observed that the repartition of Feg
[Fe4ssnFe2]0s; gives the same extra re-
flections. Moreover, all the reflections
could be indexed using a tetragon'gll unit
cell, having c/a = 3 and a = 8.33 A. The
absence of the reflections 00/ with [ # 4n
points to a fourfold screw axis with a trans-
lation ¢/4.

Neutron diffraction data (8) support the
preferential distribution of vacancies in the
octahedral sites only. A large number of
studies deal with the vacancy location and
distribution. A general review is presented
by Morrish (9). Some divergences exist in
the literature concerning the extra lines in
the X-ray patterns, suggesting that the cat-
ion distribution could differ according to
the preparation mode. Unfortunately, the
difficulty in growing well-defined and ‘‘ho-
mogeneous’’ crystals of y-Fe,O, has pre-
vented workers from obtaining unambigu-
ous data. That is the main reason for the
lack of significant structural results in this
area.

Submicronic crystals of y-Fe,0O; with
well-defined morphology can be prepared,
under controlled conditions, by vapor
phase reaction in a hydrogen—oxygen flame
(10). It seemed of interest to study these
oxide particles by means of the most appro-
priate techniques of investigation, electron
microscopy (11) and diffraction, to gain
more information about the y-Fe,0; struc-
ture.

Preparation and Characterization of
‘Y-FQ;O;

The preparation of a- and y-Fe,0s from a

flame supported reaction has been previ-
ously described (10). Nonporous oxide par-
ticles are obtained by hydrolysis and/or oxi-
dation of corresponding chloride vapor in
an oxygen—-hydrogen flame. The changes of
the thermodynamic and kinetic reaction pa-
rameters allow us to control the structural
and morphological properties of the oxide
particles. The y-Fe,0; studied in this work
has been prepared in a flame at 3000 K.
Solid particles result from the quenching of
intermediate liquid droplets.

The mean size of particles calculated
from the BET surface area (16.5 m? g71), is
76 nm. Their morphological properties have
been described in detail elsewhere (11).
The y-Fe,0; particles are well-crystallized,
single and twinned cubic crystals, as shown
by electron microscopy, using lattice imag-
ing coupled with selected area electron dif-
fraction.

The {111}, {100}, and {110} faces are most
common, generally in association, resulting
in a thombocuboctahedron. The (110) faces
appear often stepped by (111) planes. A few
of the crystals (about 1%) are thin triangu-
lar or hexagonal platelets.

The X-ray powder diagram is character-
istic of y-Fe,0O; (ASTM = 4-0755). No
changes are observed in this diagram when
the oxide is heated at 573 K for 15 hr. Un-
der these conditions, IR spectroscopy
shows that only traces of surface hydroxyl
groups are present.

Thermal treatments for a period of 15 hr
above 673 K cause the appearance of a-
Fe,0; lines in the X-ray diagram. At 723 K
(15 hr), v-Fe,04 is completely transformed
into a-Fe,0s. The differential thermal anal-
ysis plot reveals an exothermic phenome-
non at 723 K: the measured heat of trans-
formation is 13.8 kJ mole”!, in good
agreement with the value obtained by Fer-
rier (12) corresponding to the y — « topo-
tactic transition (13).

A Mossbauer spectrum (Fig. 1) taken at
room temperature (with a 100 mCi ¥Co/Pt
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F1G. 1. Mossbauer spectrum of y-Fe,0; prepared in
a flame.

source) shows the hyperfine split pattern
characteristic of y-Fe,0; (14). The hyper-
fine fields at iron nuclei on tetrahedral and
octahedral sites are almost equal and the
Mossbauer patterns overlap. The fit of the
spectrum allows calculation of a value of
502 kOe, in agreement with the values of
fields obtained from several other experi-
ments (15-17). The isomeric shift of 0.5
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Fi1G. 2. Infrared spectrum of y-Fe,O; prepared in a
flame.

mm sec™! (with respect to N.P.S.) charac-
terizes the Fe3* ions. The absence of quad-
rupolar interaction results from the cubic
crystalline symmetry. The saturation mag-

TABLE 1
CALCULATED STRUCTURE FACTORS FOR VARIOUS ARRANGEMENTS OF VACANCIES IN y-Fe,0;

F cal

Fd3m statistical
distribution on
the octahedral

P43m = P23
statistical distribution

P4,32 = P23
statistical distribution

hkl Fs sites on 4 sites® on 12 sites® on 4 sites® on 12 sites
110 21.8 22.56 8.05 22.98 8.10
111 36.2 42.02 16.81 17.86 17.13 17.98
210 39.0 0 0 31.11 10.97
211 37.5 21.29 7.59 21.69 7.65
220 127.8 129.14 124.14 132.43 126.48 133.30
300 19.8 ’ 28.88 10.29 0 0
221 19.8 28.88 10.29 0 0
310 33.3 20.14 7.18 20.52 7.23
311 176.1 207.36 183.35 195.78 187.03 197.08
222 0 86.99 63.29 67.39 64.48 67.84
400 211.5 242.74 194.24 207.09 197.89 208.46
331 0 30.43 13.58 14.43 13.84 14.53
422 94.1 94.77 101.64 108.43 103.35 109.15
511 149.2 153.31 151.44 161.49 154.29 162.57
333 149.2 153.31 151.44 161.49 154.29 162.57
521 45.9 15.88 5.66 16.18 5.70
440 311.6 532.72 335.04 357.32 341.35 359.69

9 (¢) for P23 and P43m (International Tables for X-ray Crystallography).

b (j) for P23 and (i) for P43m.
< (a) for P23 and (b) for P4;32.
4 (b) for P2,3 and (d) for P4,32.
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netization at 77 K is 1.15 ug, less than the
value predicted by the Néel model (1.25 up)

(3).

Structural Study

1. X-ray Diffraction

As with the X-ray powder pattern, which
contains all the lines of magnetite, the IR
spectrum (Fig. 2) exhibits the four funda-
mental modes of the spinel structure (18-
20). However, in both spectra, a few extra
lines, forbidden for the ideal spinel struc-
ture, are present; they lead us to propose
some arrangement of cation vacancies gen-
erating a lower symmetry structure within
the same unit cell, or a superstructure.

Statistical vacancy distributions, de-
scribed by subgroups of the spinel Fd3m
space group, were tested, assuming the lat-
tice mode became primitive, to explain the
observed 110, 210, 211, . . . reflections
(Table I). Only the P43 m (or P23) and P4,32
(or P2.3) groups are compatible with the
atomic positions of the spinel structure.
Major discrepancies between the observed
and calculated structure factors (with oxy-
gen atoms in ideal positions) occur, as
shown in Table I. No statistical distribution
of vacancies could be fitted within the sin-
gle cell with cubic symmetry.

However, it should be pointed out that
the observed structure factors are derived
from X-ray powder diffraction data, which
correspond to mean values. As noted previ-
ously, different sets of extra lines have
been reported and different vacancy
schemes are certainly possible. Under
these conditions, X-ray diffraction cannot
be used successfully; such a study should
be performed using electron diffraction on
single crystals.

2. Electron Diffraction

Electron diffraction patterns observed on
microcrystals with well-defined shapes and

perfect structural integrity, as shown by lat-
tice plane imaging, have suggested two
kinds of vacancy distribution.

Statistical distribution of vacancies.
Some crystals exhibit only the reflections
corresponding to the F cubic lattice of the
spinel unit cell (a = 8.33 A). Others show a
P cubic lattice with the same dimensions.
The crystals are thick (50 to 100 nm) and
the images are generally limited to a few
reflections. In these cases, it is not possible
to derive reliable information about the va-
cancy distribution from the observed inten-
sities, and no conclusions in addition to the
X-ray data can be drawn, It was confirmed,
however, that a statistical distribution of
the cation vacancies could occur in two
ways: (i) all the octahedral sites are in-
volved and the F lattice of the spinel struc-
ture is preserved, and (ii) the lattice be-
comes primitive and, according to the
above calculations (Table I), the cubic sym-
metry is reduced.

Ordered distribution of vacancies. For
several polyhedral and plateletlike crystals
from the same sample, extra reflections in-
dicate a cubic superstructure, with a = 3a
(Fig. 3, (100)* plane). The large cell con-
tains 72 vacant positions. A vacancy order-
ing, resulting in a long-range order, is so
established.

No space group could be derived from
the bidimensional patterns, nor any infor-
mation about the lattice mode since differ-
ent types of extinctions are observed, and
especially on the platelet crystals giving
(111)* photographs.

The most common patterns show the re-
flections allowed by the spinel structure, to-
gether with spots based on the superstruc-
ture cell, for example, (8 4 4) (the corre-
sponding spacing is actually equivalent to
dyo of the « form) (Fig. 4a).

Other extra reflections were also ob-
served depending on the crystal. Complex
photographs exhibited two kinds of reflec-
tions: those corresponding to the P mode of
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FiG. 3. (a) Electron diffraction pattern in [001] orientation from a polyhedral crystal of y-Fe,0;
showing the superstructure (smaller spots, a = 3a). (b) Micrograph of the corresponding crystal.

the spinel structure, such as (1 1 0) or 2 1
1), noted (3 3 0) and (6 3 3) in the super-
structure cell; and fractionary spots show-
ing evidence of this superstructure (Figs.
4b,¢).

In all cases, threefold symmetry is pre-
served and the resulting lattice mode is [
since only reflections with A + k + [ = 2n
are noticeable.

The plateletlike crystals are very impor-
tant with respect to the development of the
crystalline formation of ferric oxide. Unlike
the polyhedral particles, these few crystals
cannot result from an intermediate liquid
state; they are developed directly from the
vapor phase and their residence time in the
hot zone of the flame varies, leading to dif-

ferent states of crystalline arrangement
(some of them have the symmetry of «-
Fe,0,) and, in particular, to different de-
grees of vacancy ordering. So, several
stages have been observed, from the lowest
to the highest degree of order, correspond-
ing, respectively, to the maximum and the
minimum (i.e., the a phase) of internal en-
ergy. Because of the correspondence be-
tween the lattices of the two polymorphs,
especially in the direction normal to the ter-
nary axis, it is difficult to differentiate be-
tween the a or y form simply from geomet-
rical considerations; the intensities of the
reflections and their distribution should be
taken into account.

The images identified as belonging to the
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a form correspond to the orthohexagonal
lattices derived from the (0 0 0 1)* direction
of the a form (Fig. 5a) with (i) the disap-
pearance of the reflection conditions (-4 +
k + [ = 3n) which is characteristic of the
rhombohedral lattice of the ideal hematite
structure, and (ii) extra faint spots with the
intensity distribution becoming twofold. In
one case (Figs. 5b,c), the doubling of the
period occurs parallel to the [100]* direc-
tion; the resulting unit cell is

a = Q) \/§

The symmetry is 2mm. In the other case
(Fig. 7¢), the doubling occurs in the two
directions

a = 2(1(,,) \/g b' = 2a(a)

and the symmetry becomes C2mm.

b = A(q)-

Concluding Remarks

No evidence exists in the literature for
the growth of large single crystals of +y-
Fe,O; suitable for a single-crystal X-ray
structure determination. The preparation of
this oxide by vapor phase reaction yielded
microcrystals for which the electron dif-
fraction was used for structural investiga-
tion.

Extra lines in the X-ray and IR spectra
indicate that the hypothesis of a statistical
distribution of the iron vacancies in the oc-
tahedral sites of a spinel structure fails. In
fact, the vacancy distribution is either ‘‘sta-
tistical,”” with noncubic symmetry, or or-
dered, leading to a cubic superstructure
with a threefold unit cell, for which a partic-
ular ordering cannot be proposed, due to
the lack of bulk structural data.

From the examination of plateletlike par-
ticles, the morphology of which is compati-
ble with both the « and y forms, it has been
possible to observe different stages of the

cation vacancy ordering within the y-Fe,0;
superstructure and/or to indicate intermedi-
ate states between y- and a-Fe,0s.

In conclusion, evidence is given that the
vacancy ordering depends on the prepara-
tive conditions in crystal growth and this
observation explains the discrepancies of
literature data concerning the extra lines
observed on X-ray diagrams.
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