The Symmetry of Ordered Cubic +-Fe, O, Investigated by TEM

Klemens Kelm and Werner Mader

Institut fiir Anorganische Chemie der Rheinischen Friedrich-Wilhelms-Universitat Bonn,

Romerstrale 164, D-53117 Bonn, Germany

Reprint requests to Prof. Dr. W. Mader. Fax +49 (0)228 / 734205. E-mail: mader@uni-bonn.de

Z. Naturforsch. 61b, 665 —671 (2006); received November 14, 2005

Dedicated to Professor Wolfgang Jeitschko on the occasion of his 70 birthday

Well-crystallized particles of cubic and tetragonal y-Fe,O3 embedded in a Pd matrix were pro-
duced besides other oxides by internal oxidation of a Pd-Fe alloy in air. Particles of tetragonal
y-Fe; 03 consist of orientation domains with the ¢ axes normal to each other. Particles of the ordered
cubic y-Fe,O3 appear single crystalline in bright field and in dark field images with reflections of the
basic spinel structure. In dark field images enantiomorphous domains were observed using reflections
of the ordered phase. From the analysis of electron diffraction patterns in the principal zone axes the
description of ordered cubic y-Fe,Og3 in the enantiomorphous space groups P432/P4332 follows
without further presumptions. In the sequence from space group Fd3m of disordered cubic y-Fe,O3
via P4132/P4332 of the ordered cubic phase to the pair P41212/P432;2 of tetragonal y-Fe,O3 a
continuous group-subgroup relation can be derived. This relation shows that ordered cubic y-Fe;O3
is an intermediate phase upon ordering of vacant octahedral sites towards tetragonal y-Fe;Os.
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Introduction

Among the various iron oxides, y-Fe,O3 has at-
tracted much attention because of its useful and
technologically important properties [1]. y-Fe,0s3 is
metastable with respect to «-Fe,Os3. In pure powders
the y-Fe,03 — o-Fe, 03 transformation temperature is
approximately 400 °C [1] while particles embedded
in a SiO, matrix have been observed to exist up to
1400 °C [2]. y-Fe,03 has a defect spinel structure that
can be derived from magnetite (Fe3O4, space group
Fd3m) by removing up to 1/9 of the iron atoms [3].

As early as 1939, superstructure reflections forbid-
den in space group Fd3m were observed in some
v-Fe,O3 samples [4]. Later, a structure similar to
LiFesOg was proposed for y-Fe,O3 where the vacan-
cies in the iron oxide are located at the positions occu-
pied by lithium in the ferrate. Thus, the space group
was assumed to be either P4,32 or the enantiomor-
phous one, P4332 [5]. Some years later, a splitting of
the superstructure reflections was observed resulting in
a tripled tetragonal cell. Based on X-ray data, symme-
try of either P4, or P43 was proposed [6].

The origin of the superstructures has been identified
as an ordering of iron vacancies at octahedral sites of

the spinel structure [7-9]. The appearance of the or-
dering depends on the degree of the iron deficit [10, 11]
as well as on the particle size of the material [8, 12].
Structural refinements on tetragonal y-Fe,O3 confirm
the enantiomorphous pair P41212/P432,2 as space
groups; while atomic coordinates for cubic [12, 14] or
tetragonal subcells [13] are given as intermediate re-
sults of the refinement procedure. Symmetry investi-
gations by convergent beam electron diffraction sug-
gested a point group m3mand a cubic cell with a tripled
lattice parameter [15], possibly representing a further
ordering.

On the basis of lattice parameter measurements, a
continuous solid solution series from Fe304 via or-
dered cubic y-Fe,O3 towards tetragonal y-Fe,O3 has
been reported [11, 32].

Unfortunately, there is some ambiguity about the
symmetry of the ordered cubic variant of y-Fe;0Os.
Several space groups based on powder diffraction data
have been published over the years: P2,3 [16], P43m
[17] and P4,32 [18]. It has been shown that stud-
ies based on powder samples are always hampered
by the presence of additional phases [20]. Sometimes,
the problems arise from the measurement itself; For
one particular sample, it has been reported that the
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tetragonal splitting was clearly observed in electron
diffraction, whereas this splitting was not revealed in
synchrotron measurements without using anomalous
dispersion [12]. The simultaneous presence of enan-
tiomorphous domains in a natural specimen was de-
tected by means of contrast experiments in the trans-
mission electron microscope. While the domain struc-
ture observed for y-Fe,O3 was identical to the do-
main structure observed for LiFesOg with space groups
P4,32/P4332 applicable simultaneously, it was con-
cluded that both compounds are of the same symme-
try [19]. The procedure preformed did not account for
the formerly proposed space group P213 [16] which
was left out of consideration. Hence, uncertainties con-
cerning the space group of ordered cubic y-Fe 03 still
existed.

In the present study internal oxidation [26] of a
Pd-Fe alloy was used for synthesis of the Fe-O phases.
This unusual method yielded isolated iron oxide crys-
tals embedded in the palladium matrix. Their size fre-
quently exceeded 1 um. The crystals were ideal for
imaging and diffraction analysis in the transmission
electron microscope. This material allowed us to de-
termine the symmetry as well as the domain structure
of y-Fe, 03, thus avoiding the problems associated with
space group determination by powder methods. The re-
sults are discussed with respect to previous findings in
the literature.

Material Synthesisand Experimental Techniques

A number of different approaches have been pub-
lished for the synthesis of y-Fe,O3. The dehydration
of y-FeOOH as well as the oxidation of magnetite
are the most commonly used routes [21]. Other suc-
cessful methods are e. g. the decomposition of organic
iron salts [22], spray pyrolysis [23], oxidation of iron
in an electric discharge [4,24], and decomposition of
Si/Fe/0O containing gels [25].

Internal oxidation is applicable if the diffusion co-
efficient of oxygen in the base metal is higher than the
diffusion coefficient of the solute in the base metal, as
in the case of the Pd-Fe-O system [27]. Oxide precip-
itates form inside the metallic matrix under the con-
dition that the partial pressure of oxygen is adequate
to oxidize the solute metal without oxidising the sol-
vent metal. These conditions are fulfilled in the system
Pd-Fe-O at temperatures exceeding 800 °C.

The alloy (PdggFes) was cold-rolled to sheets of a
final thickness of 100 um. The subsequent homogeni-

sation and recrystallization was carried out in sealed
silica tubes under vacuum.

For oxidation, the alloy sheets were placed in corun-
dum boats in a way such that the contact area of metal
and boat was minimized to ensure homogeneous ac-
cess of oxygen to the sheet’s surface. These boats were
placed in a hot tube furnace in air for internal oxida-
tion. The reaction time was 24 h at temperatures be-
tween 900 °C and 1200 °C. The samples were removed
from the hot furnace and immediately quenched in lig-
uid nitrogen.

For the investigation by transmission electron mi-
croscopy (TEM), punched discs of the material were
thinned mechanically to a final thickness of 30—
40 um. Final thinning was achieved by Ar™ ion beam
etching at 4—6 keV and 7.5° angle of incidence.

Two different microscopes were used for the inves-
tigations: A Philips EM400T operated at an accelerat-
ing voltage of 120 keV which gave access to large tilt
angles and a Philips CM30ST operated at an acceler-
ating voltage of 300 keV. The CM30ST microscope is
equipped with a Noran HPGe energy dispersive X-ray
detector which allows quantitative analysis of elements
with Z = 11 with a detection limit of approx. 0.5 at.-%.

Results

The iron oxides precipitated as facetted crystals
within the palladium matrix (Fig. 1). The different
iron oxide modifications (Table 1) were identified by
selected area electron diffraction (SAED). Impurities
in the precipitated particles were below the detection
limit of the energy dispersive X-ray analysis system.
The on-axis SAED-patterns of the individual particles

Fig. 1. TEM image of iron oxide particles obtained by inter-
nal oxidation of a PdggFe, alloy.
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Table 1. Iron oxides observed at different preparation tem-
peratures.

Oxidation temperature (°C) Observed phases
900 Fe30y4, o, B-, y-, €-Fe203

1000 o-, B-, 7, e-Fe;03
1100 F9304, o-, B-, Y- 8-F€‘203
1200 Y-, e-Fe203

were indexed on the basis of published powder X-ray
data and of lattice parameters for o-Fe,0O3, B-Fe,03,
cubic y-Fe;03, tetragonal y-Fe,O3 and FezO4 [28].
Lattice parameters for e-Fe,O3 were taken from ref-
erence [33]. Lattice parameters for all oxides investi-
gated agreed with the literature data within the accu-
racy of SAED. While the identification of the modifi-
cations «-, B- and e-Fe,O3 was straight forward, more
care had to be taken in the case of the spinel-related
oxides Fe3O,4 and y-Fe,O3. Magnetite was identified
by the reversible Verwey transition at 119 K [29],
which was observed in situ in the transmission elec-
tron microscope using a liquid nitrogen cooled spec-
imen holder. All investigated crystals giving diffrac-
tion patterns compatible with the basic spinel struc-
ture showed the Verwey transition. Thus, we conclude
that no face centred cubic y-Fe,O3 was present. Prim-
itive cubic y-Fe,O3 was distinguished from tetragonal
y-Fe,O3 by tilting in a (uv0) orientation, which al-
lowed the observation of the {001} superstructure re-
flections or by analysis of the diameter of higher or-
der Laue zones (HOLZ). Most particles appeared to
be single-crystalline by morphology (Fig. 1). Twin-
ning was present in a few Fe304 and cubic y-Fe,03
crystals (spinel law) as well as occasionally in e-
Fe,Os. All tetragonal y-Fe,Os3 particles were found
to exist as domains with different c-axis orientations.
Most of the cubic oxides showed a cube-on-cube ori-
entation relationship with respect to the palladium
matrix.

Because of inconsistencies in the published data, the
space group symmetry of cubic y-Fe,O3was investi-
gated in detail. Electron diffraction patterns in [100],
[110] and [111] orientation were recorded from se-
lected crystals (Fig. 2a—c). Patterns were recorded
with reduced beam intensity since degradation of the
superstructure reflections was observed at high elec-
tron doses. The presence of reflections (hkl) with
h+k=2n+1 h+l=2n+1andk+I|=2n+1is not
compatible with face centred cubic symmetry of the
basic spinel type while the observation of reflections
h+k+1 =2n+1 exclude a body centred lattice. Since
reflections with k+1 = 2n—+ 1 were observed in [100]

Fig. 2. Electron diffraction patterns of cubic y-Fe,O3 in prin-
cipal zone axes: [100] (a), [110] (b), [111] (c). Forbidden re-
flections of type 00I are caused by Umweganregung.

orientation, the presence of n or d glide planes perpen-
dicular to the a axis can be ruled out. Furthermore, the
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Fig. 3. Electron diffraction pattern of cubic y-Fe,O3 tilted
about [010] to prevent Umweganregung.

=

Fig. 4. Bright field micrograph of a cubic y-Fe,O3 particle,
beam direction is [111].

presence of a glide planes normal to (100} is ruled out
by the presence of reflections (Okl), k =2n+ 1. The
existence of glide planes perpendicular to (110) is ex-
cluded by the presence of reflections (hhl), | =2n+1
in the [110] zone axis. Thus, the extinction symbol
is P---, P21--, P4,-- or P41--. The absence of glide
planes is proven by the lack of periodicity differences
between the zero order Laue zones (ZOLZ) and first
order Laue zones (FOLZ) in [100] and [110] direc-
tion, while the observed shift of the reflections between
ZOLZ and FOLZ in these orientations is expected for a
primitive lattice without glide planes [30], again yield-
ing P---, P21--, P4,-- or P4;-- as possible extinc-
tion symbols. This leaves P23, Pm3, P432, P43mand

P . sl ¥ ”
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y e

Fig. 5. Dark field micrographs of a cubic y-Fe,O3 particle.
Operating reflections are (220) (a), (110) (b) and (011) (c).
Inversion domain boundaries are indicated by arrows.

Pm3m as well as P2:3, P4,32 and the enantiomor-
phous pair P4,32/P4332 as possible space groups. The
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Fig. 6. Group-subgroup relationships between space groups known for the different forms of y-FeO3. The boxes on the right
hand side contain the element, Wyckoff position, site symmetry and atomic coordinates x, y, z.

first five of these can be distinguished from the latter
four ones by the extinction of reflections due to the
presence of screw axes.

Since iron oxide is a strong scatterer for electrons,
the dynamic diffraction effects present (Fig. 2a) have
to be considered. For this reason, the extinction of re-
flections {OkO}, k= 2n+ 1 or k= 4n+ 1 was examined
by tilting a crystal out off the [100] orientation about
the [010] axis so that Umweganregung of kinemati-
cally forbidden reflections of type (0k0) is prevented.
The exclusive presence of spotswith k= 4nin thisrow
of reflections (Fig. 3) proves the existence of either a
44 or 43 screw axis, leaving the enantiomorphous pair
P4,32/P4332 as the only space groups possiblefor or-
dered cubic y-Fe;Os.

The question arising from this result was whether
the particles consist of single domains or may be com-
posed of different domains with both space groups
simultaneously present. Attempts failed to solve this
guestion by convergent beam electron diffraction
(CBED). Since the superstructure reflections vanished
within seconds, we were unable to record auseful con-
vergent diffraction pattern even at the lowest possi-
ble electron dose in our transmission electron micro-
scope. Thus, adiffraction contrast experimentin imag-
ing mode was carried out. A contrast difference across
a domain boundary separating enantiomorphous do-
mains can be observed in dark field microscopy un-
der multiple beam imaging conditions [31]. Best con-
trast was achieved by tilting the crystal so that only
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one systematic row of reflectionswas excited. In bright
field imaging, the crystal exhibits continuous thick-
ness fringes running along its outline, indicating lines
of equal thickness in beam direction (Fig. 4). A dark
field image of the same crystal using (220) as op-
erating reflection is shown in Fig. 5a The reflection
(220) is allowed for the basic spinel structure. Again,
continuous thickness fringes are obtained as expected
from diffraction theory. By using (110) or (011) as
operating reflection for dark field imaging, disconti-
nuities in thickness contours are observed. These re-
flections originate due to the ordering of the vacant
octahedral atom positions, thus being sensitive to the
space groups of the domains. An abrupt changein con-
trast is visible across the domain boundary separat-
ing the domains of the two space groups (Fig. 5b and
Fig. 5¢). Hence, cubic y-Fe,O3 particles consist of do-
mains having the two enanthiomorphous space groups,
P4,32 and P4332.

Discussion and Conclusion

Several investigations concerning the crystal sym-
metry of cubic y-Fe,O3 are reported in the litera-
ture, leading to different proposals for its space group
[4,5, 16-19]. It was found that the examination of
crystal symmetry was inherently difficult using pow-
der diffraction methods due to materials inhomogene-
ity [20] and the limited suitability of the method ap-
plied [12]. To overcome these problems, we used sin-
gle crystal electron diffraction capable of recording
diffraction patterns containing reflections of even very
faint intensity from sub micrometer sized particles.

The space groups observed for y-Fe;Os, P4,32/
P4332, are subgroups of the space group of magnetite
as well as of the disordered y-Fe,Os, i.e Fd3m. Fur-
thermore, the enantiomorphous space groups observed
for tetragona y-Fe,O3, P412,2/P432,2 are subgroups

of the space groups found for ordered cubic y-Fe,Os.
It is possibleto construct a continuous group-subgroup
relation between disordered and tetragona y-Fe»Os
(Fig. 6). The preliminary atomic coordinates result-
ing from the refinement of tetragonal y-Fe,O3 in cubic
symmetry [12, 14] are assumed to be a good approxi-
mation for the atomic coordinates of ordered cubic y-
Fe,03. With these atomic parameters this material fits
into this group-subgroup relationship (Fig. 6).

This relationship should be expected for a continu-
oustransition between the variousiron oxides, asit was
found earlier on the basis of the lattice parametersas a
function of composition [11]. One of the space groups
published for ordered cubic y-Fe,O3 was P43m [17].
While in principle the construction of a continu-
ous group-subgroup relationship between the space
groups Fd3m and P43m is possible (Fd3m—t2 —
F43m—k4 — P43m), the space group P43m is not
a supergroup of the space groups P412,2/P432,2.
From the above considerations it would follow that
ordered cubic y-Fe»O3 is a separate modification be-
sides tetragonal y-Fe;O3. Furthermore, space group
P2,3, proposed for y-Fe,O3 [16] also would have es-
tablished cubic y-Fe,O3 as a separate modification be-
sides the tetragonal y-Fe,O3 since P2;3 is a subgroup
of P4,32/P4332 (P4332—t2 — P2;3), but is neither
a supergroup nor a subgroup of P412,2/P432,2.

Our observations confirm that ordered cubic
y-Fe;03 is not an independent modification in ad-
dition to tetragona y-Fe,Os. Instead, ordered cubic
y-FexO3 represents an intermediate state upon or-
dering of vacant octahedral sites from defect spinel
y-FexO3 with space group Fd3m via space groups
P4,32/P4332 towards tetragonal y-Fe,O3 with space
groups P412,2/P432,2. This result was obtained from
the crystal symmetry of ordered cubic y-Fe,Oswithout
making further presumptions.
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