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Electron microscopy of second phases in
manganese-zinc ferrite crystals

M. J. REECE*, D. J. BARBER

Physics Department, University of Essex, Colchester, Essex CO4 3SQ, UK

The surface and bulk microstructure of Mn-Zn ferrite single crystals oxidized at 0.7% Po, have
been investigated using SEM and TEM methods, assisted by energy-dispersive X-ray micro-
analysis. In samples heat-treated at 1000° C, haematite formed as an irregular surface layer and
as laths which grew throughout the bulk, parallel with the {111} planes (where F = ferrite).
The haematite laths were related epitaxially to the ferrite host through the relationships
(0001)y | {111} (where H = haematite) and {1010}, || {(110);. However, it was found
that the latter parallelism was not exact because the haematite and ferrite lattices were rotated
by 1.1 £ 0.2° about the axis perpendicular to the interface between them (i.e. [0001],,
{111)¢). The sites for the nucleation of haematite second phase were also observed in highly
oxidized ferrite. The formation of small planar defects (<0.1 um in length) in the ferrite, lying
parallel to {11 0} planes, is interpreted as the combination of a local shear with the ordering of
cation vacancies resulting from the oxidation. Small volumes of other second phases were
also recognized, by virtue of both compositional and microstructural differences from the host

ferrite.

1. Introduction

Manganese zinc ferrites belong to the group of “soft”
ferrite materials characterized by high magnetic per-
meabilities and low losses. Mn—Zn ferrites are the
most important soft ferrites because in polycrystalline
form they have numerous electronic applications.
More recently single crystals have been employed
in magnetic recording heads [1, 2]. This has led to
an interest in the mechanical and tribological proper-
ties of soft ferrites and how these relate to non-
stoichiometry and second-phase effects. The results
reported below are part of a collaborative investi-
gation and some related results have already been
reported [3].

Mn—Zn ferrites have the spinel structure (space
group Fd3m) and are usually grown by the Verneuil
method, as were those used in this work. Because
non-stoichiometry of oxygen easily occurs at high
temperatures [4], crystal growth (and any subsequent
annealing) must be carried out at a controlled partial
pressure of oxygen (p,) or in combination with other
methods for adjusting the composition [3].

In stoichiometric spinel, 8 of the 64 possible tetra-
hedral A sites and 16 of the 32 possible octahedral B
sites are occupied in the unit cell (see e.g. Greenwood
[6]). In Mn-Zn ferrite, the manganese cations are
found on both A and B sites [7] which makes it a
partially-inverse spinel. Non-stoichiometry, in the
form of excess oxygen, produces cation vacancies on
both A and B sites as shown by Morineau and Paulus
[28] and Morineau [9]. Such non-stoichiometry has
considerable effects on electrical properties [10],

magnetic properties (see e.g. Ohta [11], Gallagher
et al. [12]) and mechanical strength (see e.g. Tanaka
[13], Kosinski er al. [14]).

Ferrites were some of the first bulk non-metals to be
ion-thinned and studied by transmission electron
microscopy [8]. Subsequently the nature of lattice
defects in spinel-structured ferrites was investigated by
several research groups (e.g. Baker and Whelan [15],
Van der Biest and Thomas [16], Veyssiére et al.
[17, 18]. It was established that the normal dislocation
Burgers vector was (¢/2){110)> and that growth-
induced stacking faults in the cation sublattice occur
on {110} planes with a displacement vector of (a/4)
{110) perpendicular to the plane of the stacking
fault.

TEM studies of the interactions between magnetic
domain walls and defect microstructure in ferrites
and related materials have been reported by Mishra
and Thomas [19] and by Lin et al. [20], the former
giving a useful summary of electron microscopy on
ferrites. TEM work has also been carried out by
Thomas and co-workers on the non-centrosymmetric
ferrite LiFe;O; (e.g. Mishra [21], Mishra et al. [22]).
This material is enantiomorphic and it is the only
ferrite reported to exhibit long-range order, although
all mixed-cation ferrites could order, in principal. The
order—disorder transition in LiFe;Og has been studied
by TEM [16, 23] and by ir situ high-voltage TEM [24].
A similar ordering behaviour occurs in maghemite
(y-Fe,0O;) where the roles of iron ions and cation
vacancies appear to parallel those of iron and lithium
ions in lithium ferrite [25].

* Present address: Department of Materials, Queen Mary College, London El1 4NS, UK.

0022-2461/87 $03.00 + .12 © 1987 Chapman and Hall Ltd.

2447



It has been suggested [12, 14, 26] that pre-precipita-
tion ordering of cation vacancies can occur in non-
stoichiometric Mn—Zn ferrites containing excess
oxygen (so that compositions lie close to the haematite
phase field). This parallels the case of oxygen-excess
magnetite (Fe,_,0,) for which cation vacancy order-
ing has been conclusively proved [27]. Non-stoichio-
metric Mn—Zn ferrite can be envisaged as a solid
solution of a stoichiometric component and a non-
stoichiometric one, maghemite (y-Fe,0,):

stoichiometric component

[(Mn, Zn)Fe,0O,], _,
+

non-stoichiometric component
[(Fe, Mn)g;;(Voer — Vre)1504lx

where V,, = octahedral vacancy and Vi, = tetra-
hedral vacancy. Maghemite has a cubic defective-
spinel structure, in which 11% of the total cation sites
that are occupied in the stoichiometric ferrite are
vacant.

The equilibria of Mn—Zn ferrites with compositions
of commercial interest as a function of oxygen partial
pressure are known [4, 28]. Oxidation beyond the
single-phase field causes precipitation of the rhombo-
hedral phase, haematite (x-Fe,0;). This forms as
laths in the host phase [29] which have the following
crystallographic relationship [30]:

{111} || (000 Dy
(T10Yg || <T010Dy

where F = ferrite and H = haematite.

A study of cobalt-doped (Ni, Zn)Fe,O, showed
that oxidation below 550° C produced no precipita-
tion whereas grain-boundary precipitation occurred
above 550°C, together with high-densities of dislo-
cations, stacking faults and voids [31]. Different types
of second phase may appear in ferrites with more than
two cationic species when they are subjected to highly
oxidizing conditions.

The effects of second-phase homogeneous and
grain-boundary precipitation on the magnetic proper-
ties of ferrites have been considered by Bongers ef al.
[32], Mishra and Thomas [19] and Lin et al. [20].
Grain-boundary segregation of second phase as a
consequence of the use of processing additives has also
been reported [32, 33]. The oxidation behaviour of
magnesium spinel, MgAl,0,, also has relevance to
cubic ferrites, on account of their structural simi-
larities. Corundum, ¢-Al,Q;, is the second phase that
forms. Donlon et al. [34] found that the orientation
relationship of the corundum to the host spinel is
identical to that quoted earlier [30] for haematite and
Mn-Zn ferrite. But there is evidence that precursor
phases to corundum form in magnesium spinel [35]
and Doukhan er al. [36] have considered possible
descriptions of a particular tetragonal precursor
phase.

2. Experimental procedure
The samples used in this study were parts of a single-
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crystal boule supplied by the Fuji Electrochemical
Company, Japan. The composition of the boule was
determined by wet chemical analysis to be 55.1 mol %
Fe,0, (assuming all the iron to be in the form Fe’*),
27.94mol % MnO and 16.96mol % ZnO. The Fe’*
content, measured by a coulometric titration tech-
nique [37], was 1.85wt%. A weight and charge
balance calculation [3] enabled the vacancy content
(O) of the as-grown boule to be estimated, thereby
determining that effectively the formula of the
material was Mnjt,Zn2h, Fell Fes 00000, The
lattice parameter of the as-grown crystal was found by
means of X-ray diffraction to be 0.8487 nm [3].

The samples used in this investigation were initially
cut in the form of rectangular bars with approximate
dimensions 30mm X 15mm x 1.Smm. Two of
these bars were annealed at 1000 and 1100° C for 325
and 206 h, respectively, in an oxygen partial pressure,
Po,> 0f0.7% po,. All of the results in this paper pertain
to samples which were heat-treated at 0.7% po,. When
the heat treatment was completed, the samples were
allowed to cool in the reacting atmosphere of the
furnace. According to phase equilibria data [28] heat
treatment at 1100 and 1000° C should produce single-
phase and two-phase material respectively.

Thin sections were cut from the heat-treated
samples by means of a diamond saw, parallel to selected
low-index crystallographic planes, after the samples
had been oriented suitably by the Laue X-ray back-
reflection method. The sections were ground and care-
fully polished to thicknesses of less than 30 um before
fixing them with epoxy cement to “washer-type” elec-
tron microscope grids and ion-thinning them with
6kV argon ions. Experience showed that unless the
initial surfaces were well prepared and free from
scratches, the finished ion-thinned samples were
very rough, making TEM examination difficult. Ion-
thinning was completed using argon ions accelerated
to a lower voltage (typically 5kV) and an angle of
incidence of 11°. By this means the surface relief
produced by ion-beam thinning was minimized. lon-
beam damage of the surface layers could not, how-
ever, be prevented. (This is manifest as a mottled
texture on a scale of about 5nm and it is a recog-
nized problem with ferrites and some other spinel-
structured materials.)

Transmission electron microscopy was carried
out with a JEOL 200-CX instrument fitted with scan-
ning transmission (STEM) facilities and an energy-
dispersive X-ray detector and Link Systems (available
in the UK) fully-quantitative analysis system (EDS).
SEM examination was carried out on polished sections
using a Cambridge S600 instrument fitted with a
Tracor Northern semi-quantitative EDS system.

3. Results

3.1. The precipitation of second phase

SEM and TEM investigations were made on sections
cut parallel to the {01 1} plane of the rectangular bar
of the ferrite heat-treated at 1000° C. The effect of this
furnace treatment was to produce oxidized surface
layers on the bar and laths of second phase which
penetrated into the bar from the surfaces and also



occurred throughout it, as shown in Fig. la. The
widths of the laths ranged from 0.1 um or less, to about
20 pm. It is predominantly the nature and form of the
second phase that we report here.

The presence of the second phase was readily appar-
ent in the SEM images because it is mechanically
harder than the ferrite, with the result that after
polishing the specimens the second phase stands
proud of the host phase. SEM/EDS X-ray micro-
analysis revealed that these laths contained no measur-
able zinc and only a small amount (< 5wt %) of
manganese, the balance being iron (oxygen not detect-
able). This result at once suggested that the laths were
haematite. Since the orientation of the ferrite bars was
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Figure 2 STEM/EDS data obtained at points along a line perpen-
dicular to a haematite lath in ferrite heat-treated at 1000°C. The
lath was oriented with its major surfaces parallel to the direction of
the electron beam. (O) Iron, (4) manganese, (O) zinc.

Figure | (a) SEM micrograph
of an (011) section of ferrite
heat-treated at 1000° C, showing
haematite laths in the bulk and an
irregular distribution of haema-
tite nearer to the original external
surface (S) of the specimen. The
traces of the haematite laths are
consistent with their major sur-
faces being parallel to the {111}
planes of the ferrite. (b) SEM
image of a thermally-etched sur-
face of ferrite heat-treated at
1000° C.

known, it was straightforward to show that the laths
always lay parallel to the traces of the {1 I 1} planes of
the host ferrite, as demonstrated by Fig. la. Small
voids commonly occurred in the ferrite adjacent to the
interfaces between it and the largest laths. The oxi-
dized surfaces of the bars were extremely rough as
shown in Fig. 1b and consisted predominantly of
haematite. The haematite surface layer penetrated to
a depth of about 25um, as judged by transverse
sections like that shown in Fig. la, while the laths
occurred throughout the bar.

STEM/EDS X-ray point-by-point analysis across
the laths confirmed the SEM/EDS results. Fig. 2
shows a plot of the concentrations of iron, manganese
and zinc transverse to a typical lath, a result which,
taken with the following TEM observations, proves
the laths to be essentially haematite. Fig. 3a is an
image recorded with the electron beam aligned slightly
off a (0 11) zone axis, a condition which produced the
least strain contrast from the bending of the foil
caused by the presence of the laths. The ferrite—lath
interface is parallel with the beam direction and the
trace of the lath is parallel to a {2 1 1) direction, which
makes the interface a {111} plane. When a lath is
oriented so that the ferrite-lath interface lies perpen-
dicular to the direction of the electron beam, three sets
of moiré fringes occur at the lath, as illustrated in
Fig. 3b, since in this {111); zone-axis orientation
both host and second phase have three-fold symmetry.
Fig. 3c shows the selected-area diffraction pattern
corresponding to Fig. 3b. This is interpreted as the
superposition of a {11 1)y pattern and the [0001],
pattern, with multiple electron diffraction effects. A
full investigation of the crystallography revealed the
relationships

{111} [ (000 D)y
<I10%6 || <10 10>y

This is the same relationship between haematite and

Mn—Zn ferrite as reported by Carter et al. [30].
Lattice imaging methods were also applied, thereby

enabling the host-lath interfaces to be studied in more
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detail and leading to the discovery of regions of inci-
pient second-phase precipitation. Fig. 4a is a high-
resolution image with the electron beam parallel to a
(110> zone axis and also to a ferrite—haematite
interface. By this means it was discovered that there
was not exact parallelism between the (110 and
{1010y directions. They are rotated relative to each
other by 1.1 + 0.2° about an axis perpendicular to the
ferrite—haematite growth plane (i.e. [0001],; and

Figure 3 (a) TEM micrograph of
an {011} section of ferrite heat-
treated at 1000°C showing a
haematite lath orientated with its
major surfaces almost parallel to
the electron beam. The strong
background contrast is caused by
ion-thinning. (b) TEM micro-
graph of a haematite lath orien-
tated so that its major faces are
perpendicular to the electron
beam. The ferrite and haematite
phases overlap, producing moiré
fringes. (c¢) Electron diffraction
pattern corresponding to (b),
showing the haematite [000 1]y
zone-axis pattern superposed on a
ferrite {11 1) zone-axis pattern.
(S) indicates satellite spots which
result from the double diffraction
of electrons by both of the phases.

{111>F). The misalignment was initially estimated
from differences in the angular coordinates of the two
zone axes, determined from the tilt stage of the micro-
scope. A more accurate value was then obtained from
electron diffraction patterns, using Kikuchi lines to
obtain exact zone axis settings. Because the specimen
in Fig. 4a was orientated with the (1 10) zone axis
exactly parallel to the direction of the electron beam,
the [T010]y direction was inclined at an angle of

Figure 4 (a) (110 zone-axis lattice image recorded in
the region of an interface between the ferrite host and
a lath of haematite. The (000 3), lattice planes are
resolved. (b) <110) zone-axis lattice image of a
narrow band of distorted lattice in ferrite heat-treated
at 1000°C.



1.1 + 0.2° to the beam. This explains why the (12 10)
planes of the haematite are not seen, even though their
spacing (0.251 nm) is greater than the resolution of the
200-CX microscope. Analysis of the electron diffrac-
tion patterns from a number of ferrite—haematite con-
tacts confirmed both the details of the results obtained
from high-resolution EM images and the universality
of the relationship.

SEM and TEM investigations of the sample which
was heat-treated at 1100° C showed it to be completely
free of second-phase precipitates.

3.2. Incipient precipitation
High-resolution imaging further revealed that there
occurred in the two-phase material (i.e. heat-treated at
1000° C) straight, narrow (< 5nm) bands, parallel to
{111} planes, which could not be attributed to the
presence of true precipitates, but which showed the
ferrite lattice to be strained locally and possibly to
indicate changes in the concentration of cations.
Fig. 4b illustrates these points. It is unwise to draw
any far-reaching conclusions from lattice images with-
out making comparisons with computer-simulated
images. However, it is at least apparent that the image
in Fig. 4b shows inhomogeneities on the {111}
planes, and these might well take the form of layers
rich in one cation species. The disposition and orien-
tation of these lattice-distorted bands in the oxidized
ferrite leads us to suggest that they are sites of inci-
pient haematite nucleation, especially since similar
defects were not observed in the material having a
lower oxygen content (heat-treated at 1100°C).

In the course of lattice imaging to study second-
phase precipitation effects it was also found that there

were planar defects in the ferrite lying parallel to
{110} planes. Some of these defects are imaged in
Fig. 5 (e.g. at A and B). Although the pairing of some
of these faults gives the regions between them the
superficial appearance of microtwins, spinel-structured
oxides normally twin on {111} planes (e.g. see
Hornstra [38]). Moreover, no twin reflections could be
found in the diffraction patterns and there was no
significant change in the diffraction contract across
the defects. These defects offset the {111} planes.
The termination of defects at partial dislocations is
indicted at C and D (Fig. 5), while a single, unpaired
fault occurs at G.

Investigation showed these faults to be conservative
antiphase boundaries (APBs), i.e. the displacement
vector lay in the plane of the defect. The displace-
ment vector could not be determined unequivocally
because of the small size of the defects (typically
between 0.02 and 0.1 um in length). However, the
shortest vector which would produce the relative dis-
placements of the {111}; planes seen in Fig. 5, and
therefore the one most likely to be energetically
favoured, is (4/2){001)>. Because the displacement
vector 1s in the plane of the defect it can also be
envisaged as a shear vector. Close to the APBs there
occurred other planar defects which gave only a slight
mismatch of the {111} planes adjacent to them (e.g.
at E and F in Fig. 5). The relationship between these
two types of defect is not completely determined. But
because similar features were not found in the ferrite
with the lower oxygen content, we take the view that
they are intimately related to the non-stoichiometry of
the material and we discuss their nature at a later
point.

Figure 5 {01 1) zone-axis lattice image of planar defects parallel to an {0 1 1} plane in ferrite heat-treated at 1000° C. The defects, two of
which terminate at the positions marked C and D, are conservative APBs. Other defects, for example at positions marked E and F,
correspond to an offset of the imaged lattice planes crossing the defect which is hiot a simple fraction of a lattice vector.

2451



P <t

F N
Figure 6 SEM micrograph of a thermally etched {110} surface of
a ferrite specimen heat-treated at 1100°C.

3.3. Inhomogeneous ferrite material
3.3.1. Zinc-deposited surface zones
It is possible, by using an appropriate heat treatment,
to produce on all specimens of ferrite a zone at the
external surface that does not have the bulk com-
position and yet is free from haematite. Fig. 6 shows
the {0 1 1} surface of a specimen that was annealed for
206 h at 1100° C. It is thermally etched and also zinc-
deficient (with respect to the initial composition of the
ferrite) because of the loss of this volatile element from
external surfaces at high temperatures. SEM/EDS
investigation of a polished section cut perpendicular
to the surface of the specimen did not reveal the
presence of any second phase, but showed that the
zinc deficiency was detectable to depths of about
200 ym, as illustrated by the results reproduced in
Fig. 7.

The composition of a surface region in a specimen
heat-treated at 1000°C for 325h was also investi-
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Figure 7 The ratio of counts ZnKa/FeKa, determined by means of

SEM/EDS microanalysis, as a function of distance from the

exterior surface of ferrite heat-treated at 1000°C.
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gated by SEM/EDS. There was no appreciable surface
depletion of zinc (< 1% variation in the concen-
tration with respect to that of the bulk) in the ferrite
phase closest to the haematite-rich surface layer.
This absence of zinc depletion in the ferrite layer
just underneath the surface layer suggests that the
haematite presents an effective barrier to the diffusion
of zinc, thereby preventing its loss by volatilization at
the free surfaces.

3.3.2. Zinc-depleted interior regions

Interior regions which were more susceptible to charg-
ing under the electron beam than normal ferrite were
found in the sample heat-treated at 1000° C. STEM/
EDS analysis of these regions showed them to be
depleted in zinc. One such region is shown in Fig. 8a,
and averaging several analyses of it gave the following
results: Fe 76.(2) + 1.5wt%, Mn 21.(4) + 1.4 wt %,
Zn 2.(4) + 1.0wt % (errors are standard deviations).
It was noticed that these somewhat rare, zinc-
depleted, beam-charging areas sometimes also showed
the presence of small plate-like precipitates, which are
visible in Fig. 8a and shown under different imaging
conditions in Fig. 8b. These figures indicate that the
precipitates are coherent with the host ferrite, because
of the moiré patterns that occur. The diffraction
patterns from this and similar areas exhibit “splitting”
of higher-order reflections, visible in Fig. 8¢, as a
result of there being two coherent phases with slightly
different lattice parameters. Measurement of the
patterns established that the second-phase platelets
were spinel-structured and had a lattice parameter
that was 4.0 + 0.1% larger than that of the ferrite
(i.e. for the platelets a, = 0.91 + 0.02nm). The
platelets had a {0 1 1} growth habit and were observed
in ion-thinned sections which had a {011} surface
orientation. This suggested that they might only occur
at the surface of the specimens, a fact which was soon
confirmed using stereoscopic imaging methods.

A probable explanation for the occurrence of the
platelets only near to the surfaces relates to the ion-
beam thinning method that was used to prepare the
TEM specimens. The similarity of the platelets to
Guinier—Preston zones [39, 40] prompts the thought
that they are rich in at least one cation species (a
consequence of being depleted in the most volatile
element, zinc). Localized preferential loss of zinc is
likely to occur if the developing surface topography
causes incident ions to be deflected and concentrated
into certain regions as a result of surface charging.

3.3.3 Iron-rich regions

Despite the high quality of the original crystal boule
and the anticipated chemical homogeneity of the
samples prior to heat treatment, some evidence was
found for internal compositional inhomogeneities (in
addition to the precipitation and incipient precipi-
tation features already described) on a somewhat
larger scale. One such area was observed by TEM in
a thinned specimen taken from the sample heat-
treated at 1000° C for 325h. Although electron dif-
fraction showed the region to be spinel-structured
(a, = 0.85 £+ 0.02nm), it was different in composition
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Figure 8 Corresponding (a) bright-field and (b) dark-field images of a zinc-depleted region in an {011} section of ferrite heat-treated at
1000° C. The presence of precipitates of a second phase which is spinel-structured and coherent with the host ferrite is indicated by the moiré
patterns. (¢) Diffraction pattern showing excitation of the 022 systematic row. Reflections caused by the particles of second phase are
indicated by arrows and their positions show that the lattice parameter of the second phase is 4.0 & 0.1% greater than that of the host phase.
(d) An image of a zinc-depleted region, formed with the electron beam parallel to an 01 1} zone axis and multiple reflections operating.

from the bulk of the surrounding ferrite, being iron-
rich. The averaged results of STEM/EDS analyses of
the region were as follows: Fe 94.(4) + 1.2wt %,
Mn 3.(7) £ 0.5wt%, Znl1.(9) + 03wt% (the
errors are standard deviations). The region exhibited
a number of interesting features, the most immediately
obvious being a high density of subgrain boundaries
illustrated in Fig. 9a, which tended to be aligned
parallel with {011} planes.

Another property which distinguished this iron-rich
region from the normal ferrite was a high suscepti-
bility to charging when irradiated with the electron
beam (all specimens were given a thin coating of
amorphous carbon in order to avoid charging prob-
lems and, in general, this was effective). Dislocation
loops formed within two minutes’ exposure to the
electron beam, and after about 40 min irradiation the
damage was extensive, as shown by Fig. 9b. Because
of the large elastic strains associated with the loops, it
was found that the best ways of imaging them was by
dark-field (DF) or weak beam dark field (WBDF)

methods. By using trace analysis and diffraction con-
trast techniques, it was established that the loops were
pure edge in character, with a Burgers vector b =
(a/4)<011>. This is illustrated by Figs 9¢ and d,
which also show that double loops are destroyed as
irradiation proceeds.

An excess of iron in the ferrite (with respect to the
stoichiometric concentration for the same equilibrium
temperature) implies an increase in the concentration
of cation vacancies [28]. We believe that the role of the
electron irradiation during the above observations
was to aggregate pre-existing point defects in a highly
cation-deficient phase. The iron-rich region was prob-
ably a maghemite-like phase, but we did not observe
diffraction spots consistent with a maghemite struc-
ture. However, it is possible that our electron diffrac-
tion patterns were not recorded at a sufficiently early
stage of the alteration process to show strong reflec-
tions normally associated with a maghemite structure,
and that the bulk of the highly defective maghemite-like
phase transforms to a true spinal structure very rapidly.
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Figure 9 Region with many tilt subgrain boundaries in ferrite heat-treated at 1000° C. (a) Bright-field (BF) image recorded with the electron
beam aligned close to an {00 ! zone axis. The sub-boundaries tend to be aligned with {011} planes. (b) BF image showing the same general
area after 40 min exposure to the electron beam, which produced extensive radiation damage. (c, d) Dark-field images taken in the region
of images (a) and (b) after approximately 40 min irradiation. The images were recorded with the beam close to an {001) zone axis, using
(¢) diffraction vector g = 040 and (d) g = 440. After 40 min irradiation no whole double loops remained, but some residual loop segments
are visible at P.

4. Discussion

The morphology that we have observed for the
haematite laths is similar to that previously reported
by Ozawa ef al. [29]. The fact that the haematite
occurs as fairly coarse laths penetrating into the bulk
and not as a fine-scale phase, distributed homogene-
ously at a given depth from the surface, invites some
comment. We appear to be dealing with a case of
heterogeneous nucleation, but this does not exclude
the possibility that the morphology of the haematite
second phase is of some significance. The nucleation
process will occur at external surfaces without great
difficulty, since relatively gross defects will usually
exist to promote bond-breaking. The form of the laths
might be related to growth along crystal defects (either
pre-existing or nucleation-induced) or because the
presence of an embryo second phase offers an easy dif-
fusion path for further growth, either in the haematite
itself or in adjacent zones.
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The data of Reddy and Cooper [41] shows that the
oxygen diffusion coefficient for single-crystal haema-
tite at 1000° C is about an order of magnitude less than
that estimated for single-crystal ferrite at the same
temperature by extrapolating the data of Castle and
Surman [42] on magnetite. Since the oxygen ion is the
slowest moving species in spinel-structured oxides
[43, 46] and therefore rate-controlling, the possibility
of an easy diffusion path within the haematite is dis-
counted. However, there is reason to think that oxygen
diffusion in the proximity of the haematite may be
enhanced. Ando and Oishi [45] showed that the rate of
self-diffusion of oxygen in monocrystalline Mg-spinel
in which corundum has precipitated is significantly
higher than the rate found in single-phase Mg-spinel
[46]. The higher diffusivity in the two-phase material
was attributed to enhancement as a result of the dis-
ordered structure of the phase boundaries. This behav-
iour, which we assume is relevant to ferrite, could



explain the coarsening of existing laths in preference
to further nucleation and could also explain the form
of haematite advancement into the bulk ferrite.

Our TEM work has confirmed the basic epitaxial
relationship between haematite and Mn-Zn ferrite
previously reported by Carter et al. [30] following an
X-ray diffraction investigation of large grains in poly-
crystals. However, the TEM study shows that the
crystallographic relationship is not adhered to pre-
cisely. There is a rotation of the (000 1)y growth plane
by 1.1 £ 0.2° relative to the conjoining {11 1} plane.
The rotation produces an angular deviation between
the <110> and {1010 directions of 1.1 £ 0.2°. It
is interesting that Carter e¢ a/. [30] mention a 2° spread
in the orientation relationship which they determined
by X-ray methods. They may have been seeing the
effect which we report here.

We have considered the observed small deviation
from exact epitaxy in terms of simple models for the
best fit of the adjacent anion planes of ferrite and
haematite, but such methods are neither adequate in
terms of the physical situation, nor particularly reveal-
ing. It appears that an explanation for the misorien-
tation across the interface will only emerge from fairly
sophisticated computations which look at both anion
and cation positions close to the interface in order to
minimize the interaction energies.

Haematite has a rhombohedral structure (space
group R3c) and there are hexagonal close-packed
arrays of oxygen ions parallel to the basal plane
(000 1)y, with Fe’* ions arranged in two-thirds of the
octahedral sites [44]. The {1 11} planes of the spinel-
structured Mn—Zn ferrite also have hexagonal close-
packed arrays of oxygen ions and these are separated
by alternating, differing layers of cations. In one layer
the cations occupy one-quarter of the octahedral sites
and one-quarter of the tetrahedral sites. Cations in the
other type of layer form a Kagome structure [47] and
occupy three-quarters of the octahedral sites [38]. The
separations of the oxygen ions in the close-packed
layers of the haematite and ferrite phases are 0.291
and 0.300 nm, respectively, giving a disregistry of only
3% at room temperature. Thermal expansion data for
haematite [48] and for some ferrites [49] suggest that
the mismatch will be reduced to about 2.7% at
1000° C.

The mismatch between the oxygen ion separations
is likely to be the reason for the observed relative
rotation between the two phases at the epitactic inter-
faces. The cations are small compared with the anions
and, in general, the close packing of the latter will
normally be the major factor in determining the struc-
ture of grain boundaries and phase boundaries. The
observed rotation at the ferrite—haematite interface
must be such as to give a minimum-energy arrange-
ment. However, the rotation is likely to be a function
of ferrite composition since this will affect the lattice
parameter of the ferrite and, to a lesser extent presum-
ably, the composition and lattice parameters of the
precipitating haematite phase.

We believe that we have observed two different
types of planar defect in the ferrite which are related
to local non-stoichiometry and probably signify

incipient precipitation of a second phase. These
defects are visible in lattice images of the ferrite which
was heat-treated at 1000°C. The narrow bands of
distorted lattice parallel to the {111} planes are not
amenable to microanalysis but they are probably iron-
rich and their number density and orientation are
consistent with their being precursors to the appear-
ance of discrete haematite laths. The other type
of defect observed has the characteristics of a con-
servative APB, giving a fault in the stacking of
cations in relation to the spinel structure, but leaving
the oxygen sublattice undisturbed. A possible mech-
anism for the creation of such defects would be pre-
precipitation ordering of cation vacancies on {110}
planes, followed by a shear on the plane to elimi-
nate highly unfavourable electrostatic interactions.
Although this would involve the clustering of initially-
charged point defects, it may lead to the stabilization
of the relatively defect-laden ferrite phase during
oxidation (initial cation vacancy concentration > 0.9%
of all cation sites) by means of an overall reduction in
lattice free energy, as occurs in oxygen-cxcess wustite,
Fe,_,O [50]. One manner in which this might be
accomplished is envisaged to be as follows.
Individual cation vacancies are negatively charged
and so a local rearrangement of the ions in a vacancy-
rich region can be made to reduce the electrostatic
contribution to the free energy. A shear of the
stoichiometric spinel structure on the {1 10} planes by
an amount (2/2){001> would, however, be highly
unfavourable since it would reduce the shortest
distance across the resulting fault between octahedral
and tetrahedral sites from 0.41q, to 0.224, (where a, is
the lattice parameter). But the presence of a cation
vacancy at either of these sites would make such a
100 1) shear fault more energetically favoured. The
tetrahedral-tetrahedral and octahedral-octahedral
cation—cation shortest distances are not affected by
such a fault, and the positions of the octahedral
cations relative to their nearest octahedral neighbours
are unchanged. The nearest-neighbour tetrahedral
cations across the plane of the fault would have an
oxygen ton directly between them, however — a situ-
ation not found in the perfect structure. This configur-
ation would appear to be energetically favourable,
since the oxygen ion would shield the cations from
each other. If the {110} defects that we have observed
are indeed an indication and consequence of vacancy
ordering, this would be the only reported case of
such behaviour in Mn—Zn ferrite. However, the occur-
rence of precipitation ordering in this material has
been suggested by Gallagher er /. [12] and by Hoekstra
et al. [26] on the basis of magnetic permeability data,
and Kosinski ez al. [14] as a means of interpreting
measurements of fracture toughness. The model
which we have advanced here has some points of
similarity with that of Doukhan ez al. [36] which inter-
preted precipitates in non-stoichiometric Mg-spinel in
terms of a periodic crystallographic shear on {100}
planes plus additional ordered cation vacancies.
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