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1 INTRODUCTION

SUMMARY

Theformation of traces of amagnetic phase with a Curie point of 470-475 °C is detected
during routine thermomagnetic analysis of various haematite types without sgnificant
isomorphous substitution. Using heating and cooling rates of 10° min™*, the formation
temperature can be as low as 400 °C for synthetic haematite samples, whereas higher
temperatures, 700-800 °C, are required for natural samples. The new phase appears to
be persistent to prolonged hesting at 1000 °C and has a cubic spind structure with aunit
cdl length a, = 0.8350 + 0.0005 nm, Similar to pure maghemite. This suggeds that the
reverse reaction of the aFeO;—>aFe03 transformation can occur under appropriate
conditions. The low T, of this particular maghemite variety suggests that the vacancy
(and/or cation) ordering over the magnetic sublattices is different from usualy occurring
maghemite. In accordance with Takel & Chiba (1966), who aso reported a pure
maghemite variety with identical T, a cation-deficient spind structure with part of the
vacancies on tetrahedral dtes is suggested. Thermally activated release of incorporated
hydroxyl groups would trigger the formation of maghemite traces on the surface of well-
crystalline haematite planes. Citrate-bicarbonate-dithionite extraction results support
the idea that the maghemite is fine-grained and surficid on the haematite because low-
field susceptibility values decrease according to the behaviour of fine-grained maghemite
particles. The formation of traces of this highly magnetic mineral during routine step-
wise thermal demagnetization or during annealing haematite a high temperatures may
serioudy dfect NRM measurements or may be erroneoudy taken as haematite's defect
moment.
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haematite after annealing at high temperatures (900-1100 °C)
in air. This procedure is therefore commonly used in rock-

Under oxidizing conditions and ambient pressure, haematite
(a-Fe,03), the hexagonal polymorph of ferric oxide, is thermo-
dynamically the most stable of al naturally occurring pure iron
oxide phases over a broad temperature range. Its dissociation
temperature in air is ¢. 1450 °C (cf. Zdujic et al. 1998) and its
melting point is ¢. 1565 °C (cf. Morrish 1994). The a-Fe,Os
phase diagram at 1 atm suggests 1000 °C as the lowest tem-
perature at which local reduction in air can occur (cf. Dunlop
1971). Gardner et al. (1963) measured the electrical conductivity
of haematites and reported that molecular oxygen loss, leading
to the formation of metal excess, occurred only upon firing
stoichiometric a-Fe;Os in air above 1000 °C. Below c¢. 1000 °C,
however, no oxygen loss was detected. Indeed, apart from minor
structural improvements and possible changes in grain-size and
shape due to sintering, no phase changes are reported for pure
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magnetic studies to improve the crystallinity of haematites
synthesized at low temperatures and to anneal out the defect
moment introduced in freshly crushed haematite particles (e.g.
Dunlop 1971; Bucur 1978; Fysh & Clark 1982).

Although being metastable, the other common iron
oxide forms can usually persist for long time at normal sub-
aerial conditions (even on a geological timescale), because of
sluggish kinetics. The oxidation rate of Fe®™-bearing iron
oxides (magnetite, Fe;0,4, and the cation-deficient spinels of the
Fe? "Fel T, Fei 5, 31,304 series with 0 <z < 1, where [J denotes
the vacancies), however, increases with temperature and with
decreasing particle size. In addition, the inversion of the cubic
y-Fe;O3 polymorph, maghemite, to the stable hexagonal form
is a thermally activated process. Consequently, laboratory
heating in air of mineral concentrates of all known naturally
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occurring pure iron oxides (and thus also of all pure iron
sulphides and oxyhydroxides) eventually results in the formation
of stable a-Fe,Os.

On a laboratory timescale, in the dry state and at ambient
pressure, metastable y-Fe,O; commonly inverts to stable «-Fe,O;
at approximately 350 °C. Reported inversion temperatures,
however, are highly variable and may range from =250 °C
up to ~900 °C (e.g. Bernal et al. 1957; Wilson 1961; Kachi
et al. 1963; Ozdemir & Banerjee 1984; Ozdemir & Dunlop
1988; Ozdemir 1990; Dunlop & Ozdemir 1997), depending on
the origin of the maghemite, its crystallinity, impurity content,
degree of residual Fe?™, and morphological properties such as
particle size and shape.

In general, the y-Fe,O3—a-Fe,O; transformation has been
held to be irreversible. Meillon et al. (1995), however, reported
the existence of a direct phase transformation from haematite to
maghemite by the mechanical action of prolonged (>25 days)
wet grinding in ethanol. The grinding process was charac-
terized by the presence of a shearing component exerted on
the a-Fe,O5 particles. According to the authors, the required
rearrangements in the oxygen framework (hexagonal close-
packing to cubic close-packing) and in the iron coordination
(Y'Fe’ ™ in haematite to partially "VFe® ™ in maghemite) would
be accomplished by this shearing component. X-ray diffraction
patterns obtained on the resulting y-Fe,Oz; phase showed
superstructure reflections diagnostic of long-range ordering
of vacancies over octahedral interstices (see Section 2). The
inversion temperature lies around 425 °C.

Finch & Sinha (1957) detected the a—y transformation under
conditions somewhat more realistic from a rock-magnetic point
of view. These authors observed in an electron-diffraction
study the formation of epitaxial maghemite outgrowths on
pure haematite particles on heating above ~700 °C. According
to the authors, the y-Fe,O3 was created via an intermediate
metastable haematite-like phase (named f-Fe,Os; by them),
previously formed at 500 °C. This rare f-phase would be
characterized by additional reflections which are forbidden for
the space group of haematite. It has, however, an oxygen-ion
framework and unit cell identical to a-Fe,Os, but probably
differs from normal haematite by having some cations on tetra-
hedral interstices similar to the f-Al,O5; (bixbyite) structure,
as observed by Bragg et al. (1931). Finch & Sinha (1957)
showed that this proposed structure for f-Fe,O; results in
a ferrimagnetic phase. Blackman & Kaye (1960), however,
seriously questioned the existence of this intermediate phase.
The y-Fe,03 phase formed during the experiments of Finch &
Sinha (1957) showed an unusually high thermal stability as it
persisted even after prolonged heating at 900 °C. Their results
showed that the a-Fe,Oj3 to y-Fe,O3 transformation may occur
under suitable conditions, but an appropriate mechanism
to explain the unusual phase transition could not be found.
Moreover, the vacancy distribution (see Section 2) and magnetic
properties of this maghemite type were not determined.

From a palaeomagnetic point of view, the possible formation
of even a small amount of these ferrimagnetic phases is a matter
of serious concern in studies of haematite-bearing sediments
and rocks. The formation of the f-phase during routine thermal
demagnetization treatment before reaching the crucial unblock-
ing temperature segment of normal remanent magnetizations
residing in haematite could be an important source of noise,
hampering the determination of the characteristic remanent
magnetization carried by haematite. Furthermore, the magnetic

properties of minute traces of the y-phase developed during
annealing haematite at high temperatures may erroneously
be ascribed to the defect moment of haematite. To this end,
a description is needed of those haematite types which are
susceptible to the o—y transition, together with a magnetic
characterization of the reaction products, in order to recognize
the occurrence of the process.

We measured the thermomagnetic behaviour of various
haematite types with basically no isomorphous substitution,
to induce the unusual o —y transformation and to get a better
insight into the appropriate conditions necessary to cause this
phase transition. The technique used, that is, the monitoring
of the (saturation) magnetization of a sample as a function of
temperature, is very sensitive to heating-induced chemical and/
or structural changes, in particular if magnetic changes from a
weakly anti-ferromagnetic phase (a-Fe,O3) to strongly ferri-
magnetic phases (f-Fe,O; and y-Fe,O3) are involved. The
detection limit of the My, monitoring technique is much lower
than other structure-sensitive analysing techniques; the creation
of minute traces, at least ~0.05 per cent for y-Fe,Os;, is readily
reflected in irreversible heating and cooling runs during thermo-
magnetic analysis. Moreover, the specific Curie temperature
of the newly created phase may reveal important information
about the vacancy ordering over the octahedral and tetrahedral
lattice interstices.

2 CRYSTAL STRUCTURE AND
ROCK-MAGNETIC BACKGROUND

2.1 Haematite

Haematite crystallizes in the corundum structure (e.g. Blake
et al. 1966; Lindsley 1976a). The unit cell parameters are apex =
0.50340 nm and ¢} =1.3752 nm for stoichiometric haematite
(cf. Schwertmann & Cornell 1991). The space group is R3c.
In the corundum structure, the oxygen layers are stacked in an
AB-sequence parallel to the (0001) basal plane forming an almost
ideal hexagonal-close-packed (hcp) lattice. The O*~ layers (OL)
alternate with layers of octahedrally coordinated Fe* ™ cations.
In haematite, only two-thirds of the available cation sites are
occupied because of charge balance considerations (note that
vacant sites are implicit in the stoichiometry, and should not be
confused with vacancies). The iron ions are arranged regularly,
thereby forming sixfold rings within each Fe plane (¢f. Cornell
& Schwertmann 1996). The succession of Fe ions along the
(0001) plane is Fe’*:OL:Fe*™:OL:[1:0L:Fe**:0OL:[J and so
on (¢f. O’Reilly 1984).

The spin configuration of haematite above the Morin
transition is basically anti-ferromagnetic. The magnetic moments
of the Fe>* ions lie in the basal (0001) plane orthogonal to the
c-axis (e.g. Shull ez al. 1951). Within these (0001) planes the
magnetic spins are coupled parallel, but anti-parallel coupling
exists between adjacent layers of cations. The cation arrange-
ment in adjacent layers is equivalent so that an overall anti-
ferromagnetic structure results. Haematite, however, possesses
a weak ferromagnetic moment due to a slight canting of the
atomic spins out of exact anti-parallelism (Dzyaloshinsky 1958).
This so-called canted moment lies in the basal plane perpen-
dicular to the sublattice magnetizations (Shull et al. 1951), and
is generally reported to be ~0.3-0.4 Am> kg~' (e.g. Haigh
1957; Flanders & Remeika 1965; Dunlop & Ozdemir 1997). In
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addition, haematite may have another weak magnetic moment
referred to as the ‘defect moment’. This more variable moment
is thought to reside, at least partly, in an ordered structure of
imperfections or impurities in the crystal lattice. Because of its
origin, part of this moment is susceptible to heat treatment.

The strong magnetic interactions between Fe atoms on
alternating sublattices are reflected in haematite’s high magnetic
disordering temperature. The Néel temperature (7) of pure
haematite is commonly reported as =680 °C+5 °C (e.g.
Morrish 1994 and references therein). It is generally assumed
that the canting of the sublattices and the anti-ferromagnetic
ordering within the sublattice vanish simultaneously. The shapes
of the thermomagnetic curves for different types of haematite
are described in De Boer & Dekkers (1998).

2.2 Maghemite

Maghemite has the same chemical composition as haematite
but like magnetite it crystallizes in the spinel structure, which
generally has a Fd3m space group. In fact, maghemite can
be considered as a non-stoichiometric defect magnetite with
incomplete spinel cation site occupancy (Waychunas 1991).
A cubic unit cell parameter of 4y~ 0.833-0.835 nm is usually
quoted for maghemite, compared to ap=0.8396 nm for
magnetite (Lindsley 1976a).

The spinel structure consists of a framework of cubic
close-packed (ccp) anion layers (¢f. O’Reilly 1984). The O*~
layers may be seen forming (111) planes of a face-centred cubic
(fcc) lattice stacked orthogonal to the cube diagonal [111]
direction in an ABC-sequence. The oxygen framework encloses
tetrahedral (fourfold coordination) as well as slightly larger
octahedral (sixfold coordination) interstices for cations, often
referred to as the A and B positions, respectively. In a spinel
structure, normally one out of three of the occupied interstices
are tetrahedrally coordinated with oxygen and two out of three
are octahedrally coordinated. In the cation-deficient spinel
structure of maghemite, however, only five out of six of the
total available positions are filled by Fe’*, the remaining
positions being vacancies. The chemical formula for maghemite
written as spinel is thus Fe; 709 3304. The arrangement of
those vacancies appears to be very variable, and is still some-
what controversial. Therefore, what is referred to as ‘maghemite’
actually comprises various different phases, characterized by a
different positioning of the vacancies (Pecharroman et al. 1995;
Eggleton et al. 1988). The vacancies could occur in either
octahedral sites or mixed over both tetrahedral and octahedral
sites. The presence of a stable maghemite with only tetrahedral
vacancies has been discounted by Lindsley (1976a,b).

Most experimental evidence supports the tendency for the
vacancies to occupy octahedral sites only (e.g. Armstrong et al.
1966; Haneda & Morrish 1977; Greaves 1983; Boudeulle et al.
1983; Coey 1987; Collyer et al. 1988). Three different varieties
of maghemite with completely filled tetrahedral spinel sites
are generally accepted. The structures are characterized by a
different degree of long-range crystal order of the vacancies
(Braun 1952; Van Oosterhout & Rooijmans 1958; Haneda &
Morrish 1977; Smith 1979; Greaves 1983; Boudeulle er al. 1983;
Collyer et al. 1988; Eggleton et al. 1988; Pecharroman et al.
1995). The atomic coordinates of these three idealized crystal
structures are summarized by Pecharroman ez al. (1995) in
his Table 1. The maghemite varieties characterized by a totally
random, a partly ordered and a totally ordered vacancy distri-
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bution have a face-centred cubic, a primitive cubic and a
tetragonal structure, respectively. The respective space groups
are Fd3m, P4,32 and P4;2,2. Vacancy ordering can be
particularly evident in X-ray diffraction, where maghemites
with vacancy ordering show typical superstructure lines (extra
reflections) that are inconsistent with the face-centred cubic
system, and thus can be used to distinguish between maghemite
and magnetite in addition to differences in ay.

Takei & Chiba (1966) concluded from their high saturation
magnetization value obtained on epitaxially grown single crystals
of maghemite (MgO substrate) that part of the vacancies
should occupy tetrahedral interstices. Weber & Hafner (1971),
Annertsen & Hafner (1973) and Ramdani ef al (1987) also
found some indication that part of the vacancies could be on
A sites as well.

The magnetic structure of y-Fe,Oz basically consists of
an alternation of two opposed but unequal magnetic sub-
lattices, i.e. the ferrimagnetic structure (Néel 1948). The atomic
Fe** moments within each sublattice are coupled parallel,
whereas those of the A and B sublattices are coupled anti-
parallel through an intervening O®~ anion. Because of the
non-equivalence of the sublattice magnetizations, a strong net
ferrimagnetic moment results in maghemite. For the most
common maghemite varieties with only octahedral vacancies,
an average excess of “:Fe’™ exists on the B sublattice per
formula unit (pfu) y-Fe>Os. This corresponds to a net magnetic
moment pfu of 2.5 pu,, implying a theoretical saturation
magnetization of ~87 Am? kg™, at 0 K with zero thermal
energy. A typical room temperature value of 74 Am” kg ! is
often found for this maghemite type (e.g. Johnson & Merrill
1974; Bate 1980; Goss 1988; Ozdemir & Dunlop 1988; Ozdemir
1990; Moskowitz 1993). The presence of part of the vacancies
on tetrahedral interstices would result in a higher net magnetic
moment. Takei & Chiba (1966) obtained a net magnetic moment
pfu Fe,O3 of 2.9 u, for their synthetic maghemite variety,
which would imply that nearly 20 per cent of the total amount
of vacancies would occupy tetrahedral interstices.

Direct measurement of the Curie point of pure maghemite
is often not possible, because of its inversion to haematite
at lower temperatures, i.e. Tj,y < 7. Determination of T, by
indirect methods or by calculations yielded values between
~ 590 and 770 °C (e.g. Michel & Chaudron 1935; Maxwell et al.
1949; Aharoni et al. 1962; Frolich & Vollstadt 1967; O’Reilly
1968; Readman & O’Reilly 1972; Da Costa et al. 1995). The few
direct measurements reported in the literature indicate a 7. of
around 640-645 °C for tetragonally ordered y-Fe,03 (Ozdemir
& Banerjee 1984; Heider & Dunlop 1987; Van Oorschot &
Dekkers 1999). However, the effect of different ordering of
vacancies or cations over the two magnetic sublattices is not yet
known exactly. Takei & Chiba (1966), for instance, measured
a T. of 470 °C for their pure maghemite with tetrahedral
vacancies.

2.3 Crystallographic relations between y-Fe,O; and
zx—Fe203

The transformation of y-Fe,O5 to a-Fe,05 is considered to be
topotactic, occurring by restacking of close-packed oxygen ion
layers (ccp to hcp) accompanied by displacement of inter-
stitial ferric ions rather than by wholesale recrystallization (e.g.
Bernal ez al. 1957, 1959; Kachi et al. 1963). Plate-like haematite
crystals grow with their (0001) planes in the (111) planes of
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the maghemite, and with the [111] and [110] axes of maghemite
corresponding to the [0001] and [100] axes of haematite,
respectively (¢f. Cornell & Schwertmann 1996).

3 SAMPLES AND EQUIPMENT

3.1 Samples

Six natural haematites and three synthetic samples prepared
according to different recipes were used. The natural samples
were upgraded from various raw haematite ores or macroscopic
haematite crystals (museum pieces). Previous rock-magnetic
studies on this material include those of Dankers (1978, 1981),
who studied the haematite samples labelled LH2 (Kimberley,
South Africa) and LH3 (Framont, France). Hartstra (1982)
investigated samples LH4 (origin unknown), LH6 (Gellivara,
Lapland) and LHC (origin unknown). The haematite material
from the Kadan locality in the Czech republic was previously
studied by Hejda et al. (1992) and Petrovsky et al. (1994, 1996).
The low-temperature behaviour of these natural samples was
described in De Boer (1999). Table 1 shows the chemical com-
position of the haematites determined by microprobe analysis;
no significant isomorphous substitution was detected.

For our investigations, we used the mineral concentrates made
by Dankers and Hartstra, whereas new grain-size fractions of
the Kadan haematite were prepared. The high-purity haematite
concentrates of Dankers and Hartstra were separated by a
procedure which briefly comprised of crushing the raw ore in
a copper mortar followed by further separation according to
haematite’s specific density and magnetic properties by means
of a heavy liquid overflow-centrifuge and a Frantz isodynamic
magnetic separator, respectively. We obtained sized fractions
of the Kadan haematite by crushing crystal fragments in a
copper mortar followed by sieving. The fragments were cut
from macroscopic acicular crystals (~ 10 cm long) using a small
diamond drill. Only fresh, pure haematite from the inner parts
of the needles was selected. With the exception of traces of
quartz, no minerals other than haematite were detected in
the mineral concentrates using X-ray diffraction analysis and
optical microscopy. Examples of X-ray diffraction analyses are
shown in Figs 3(a) and (c) for Kadan and LH3 haematite,
respectively.

The first type of synthetic haematite samples were prepared
by transformation of (2-line) ferrihydrite in aqueous solution
according to the procedure described by Schwertmann & Cornell
(1991; Method 4). In brief, several well-cleaned glass bottles

Table 1. Chemical composition of the natural haematite samples used
in this study as determined by (1) Dankers (1978, 1981), (2) Hartstra
(1982) and (3) Hejda et al. (1992) using microprobe analysis.

LH2 (1) LH3 (1) LH4 (2) LH6 (2) LHC (2) Kadan (3)

Fe,O5 (%)  98.2 98.2 97.9 98.1 99.9 ~99
ALO;5 (%) 0.1 0.3 0.6 0.7 0.5 <0.1
TiO, (%) <d.L <d.l 0.1 0.5 <d.L <0.1
Cr,03 (%) <d.l <d.l 0.3 0.2 <d.L <0.1
Si0, (%) 0.4 0.4 0.9 <d.l 0.1 <0.1
V,05 (%) nd nd 0.7 0.5 <d.l <0.1
MnO (%) <d.l <d.l 0.1 0.2 0.1 <0.1
MgO (%) <d.l <d.l nd nd nd <0.1

<d.l.,, lower than detection limit; nd, not determined.

filled with ~250 mL of a 0.1 molar ferric nitrate solution were
heated at 97 °C for 48 hr in a water bath. In this way haematite
is precipitated via intermediate ferrihydrite, that is, a poorly
ordered iron oxyhydroxide. After termination of the synthesis
the samples were washed salt-free, centrifuged and the excess
solution was removed before the material was dried in a stove
for 1 day at approximately 40 °C. A sample, previously made
(~1 yr before) under identical conditions by Thomas Pick and
stored in the mother solution, was also available for thermo-
magnetic analysis. The synthesis product is a dark reddish-
brown powder consisting primarily of haematite, although some
goethite and ferrihydrite traces are usually present. The major
part of the haematite occurs in anhedral crystals smaller than
~0.1 pm, although some coarser (0.1-10 pm) hexagonal crystals
may also be present (¢/. Schwertmann & Cornell 1991). Stocking
& Tauxe (1990) synthesized a-Fe,O5 under similar conditions and
described similar features of the haematite.

The second haematite type was prepared by dehydration of
synthetic goethite. The goethite was prepared from analytical
grade iron(Ill)-nitrate [Fe(NO3);:9H,0O] and described by
Dekkers & Rochette (1992). Dehydroxylation (&35 mg) was
carried out in air in the open-ended furnace of the Curie
balance by repeated heating and cooling cycles to increasingly
higher temperatures using heating and cooling rates between 1
and 10 °C min~". In this way, the thermal decomposition of
the goethite could be followed and the creation of a possible
ferrimagnetic phase could be detected instantly.

The third synthetic haematite samples were prepared by
heating analytical grade iron(III)-nitrate to 800 °C in a Curie
balance and also in a bigger furnace, using ~50 mg and 10 g
starting material, respectively. The synthesis in the Curie balance
was either achieved by one thermal cycle to 800 °C or by
repeated cycles to increasingly higher temperatures using heating
and cooling rates of 10 °C min~'. In the bigger furnace, the
Fe-nitrate salt was heated with 10 °C min~' to ~350 °C. The
sample was held at this temperature for almost 30 min. During
this time the furnace was opened to allow the yellowish-brown
gas (NO,) to escape. Some amount of the brownish-red material
formed was sampled before the other portion was heated to
800 °C. Every 100° the furnace was opened for a short period,
allowing the freshly produced gas to escape. Cooling was
achieved by just opening the furnace. The material obtained
consists of fine-grained (<1 pm) dark-red particles and some
grey-coloured clusters of fused haematite particles. Nininger &
Schroeer (1978) also prepared haematite by thermal decom-
position of ferric-nitrate salts. They found that the size of the
particles was dependent on both the temperature and the duration
of the heating. They obtained a particle size of 500 430 Afora
sample heated at 347 °C for 30 min. The low-temperature
behaviour of the a-Fe,O5; heated to 800 °C in the big furnace
was described in De Boer (1999).

3.2 Equipment used

Thermomagnetic analyses were performed in air using a
modified horizontal translation Curie balance that makes use
of a cycling field (Mullender et al. 1993). Previous measure-
ments showed that the atmosphere inside the open-ended furnace
unit stays oxidizing up to the highest possible temperature of
800 °C. Step-scanned X-ray diffractograms (0.02°2@, counting
time 1 s) were recorded with a Philips PW 1700 diffracto-
meter using Cu-K, radiation and silicon as internal standard.
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Thermogravimetric analysis, a method that measures the mass
change of a sample on heating with a specified rate, was per-
formed in air. A Princeton alternating gradient magnetometer
(MicroMag 2900) equipped with a helium flow-through cryostat
was used to monitor low-temperature (room temperature to
—230 °C) cooling and warming runs of induced remanence
(2 T), and to measure hysteresis loops at room temperature.
Cooling and warming rates were ~5 °C min .

4 EXPERIMENTAL RESULTS AND
DISCUSSION

4.1 Natural haematite samples

4.1.1 Thermomagnetic analyses

Figs 1(a)—(f) show the thermomagnetic behaviour of various
natural haematites. The four uppermost panels (a—d) illustrate
behaviour commonly encountered for pure haematite. Samples
LHC, LH2 and LH6 show behaviour characteristic of non-
saturated, pure defect-poor haematite magnetically dominated
by the canted moment (¢f De Boer & Dekkers 1998). The
gradual increase in magnetization observed during initial heating
is caused by the decrease in coercivity allowing an increasing
portion of the magnetic domains to become aligned with the
field. Heating above the Curie point (700 °C cycle) results in the
typical irreversible block-shaped cooling curve whose shape
only depends on the temperature variation of the exchange
energy. Heating to 800 °C slightly improves the crystallinity, as
can be deduced from the small gain in magnetization compared
to that after the 700 °C cycle, but no creation of an addi-
tional magnetic phase is observed. The behaviour shown by
LH4 haematite (Fig. 1c) is characteristic of «-Fe,O; rich in
structural defects (¢f. De Boer & Dekkers 1998). On heating
to 800 °C the defects are progressively annealed out of the
lattice resulting in the block-shaped curve typical of defect-poor
haematite. The removal of this specific type of internal defect
obviously does not trigger the formation of a new magnetic
phase. The break in slope at ~100 °C is interpreted as the
high-temperature onset of the Morin transition.

In contrast, Figs 1(e) and (f) show thermomagnetic behaviour
noticeably different from that described above. Both figures
illustrate that the formation of a magnetic phase from haematite
on heating is possible. At first, until cycling to ~700 °C, Kadan
and LH3 haematite show thermomagnetic behaviour similar
to that observed for non-saturated, defect-poor haematite.
Mass-specific magnetization values and Curie temperatures
are typical of pure haematite. For Kadan haematite, the small
tail of increasing magnetization observed at the end of the
cooling curve of the 700 °C cycle, however, is a first indication
for the development of a new magnetic phase, although a
distinct Curie temperature is not yet visible. On cooling from
800 °C, the thermomagnetic curves of both samples, however,
clearly reveal the presence of an additional magnetic phase
which is characterized by a magnetic ordering temperature of
~470-475 °C. No noticeable shift in Curie temperature of the
haematite phase itself is observed.

For sample LH3, the part of the cooling curve representing
the new magnetic phase is identical in shape to that usually
observed for ferrimagnetic magnetite and maghemite. Further-
more, its specific shape suggests that the major part of the
grain sizes of the new phase lie above the single-domain (SD)
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threshold size, whereas the exponential shape observed for the
Kadan sample suggests a high contribution of ultra-fine super-
paramagnetic (SP) particles. In addition, the differences in
mass specific magnetization obtained after the 800 °C cycle
indicate that a considerably higher amount of the new magnetic
phase is created from platy-developed LH3 haematite than
from acicular Kadan haematite particles that are elongated in
the c-direction. These findings suggest that the new magnetic
phase could be an epitaxial(?) spinel outgrowth that may have
some relation to prevalent haematite crystal faces. No magnetic
phase is created from relatively large uncrushed ore chips
of Kadan haematite treated under identical conditions (cf.
Petrovsky et al. 1996). This could also be interpreted as there
simply being no appropriate crystal planes available to grow
the spinel phase on.

4.1.2 MicroMag measurements

The Kadan sample was heated to temperatures above 800 °C
in a furnace different from the Curie balance, first to investi-
gate its thermal stability and second possibly to get a higher
yield of the new magnetic phase necessary for a proper X-ray
diffraction analysis. In this closed furnace, heating rates were
similar to those in the Curie balance but cooling was carried
out in an uncontrolled way by turning off the power supply.
Cooling to room temperature commonly lasted for ~12 hr.
The results of these heatings are shown in Fig. 2, together with
additional magnetic measurements of the original material and
material heated in the furnace at 600 °C.

The hysteresis loop obtained for the original Kadan
haematite is typical of a high-coervicity mineral. No trace
of a low-coercivity mineral was detected in this sample. The
hysteresis loops measured on the heated material, however,
clearly demonstrate the progressive development of a low-
coercivity phase from the haematite sample with increasing
temperature, that is, the loops become increasingly wasp-waisted.
The first traces of the new magnetic phase are now already
detected after heating to 600 °C, probably because of the longer
exposure to this temperature compared to the Curie balance
measurements. The magnetic characteristics of the material
being heated to temperatures above 800 °C show not only that
the new magnetic phase is persistent to these high temperatures
but also that the formation process was not yet fully completed.
Furthermore, the progressive change in shape of the thermo-
magnetic curves from concave for the material preheated at
600-900 °C to convex for the material preheated at 1000 °C,
indicate an increase in grain size of the new magnetic phase.
After the heating at 1000 °C, almost all of the material was
attracted to a hand magnet, indicating that this is most likely
intergrown material, possibly epitaxial outgrowths of the mag-
netic phase on the haematite parent, rather than with some
isolated contamination.

4.1.3  X-ray diffraction analysis

The X-ray diffraction patterns obtained for the original
Kadan (Fig. 3a) and LH3 (Fig. 3c) samples show, besides
strong haematite reflections, only some minor peaks revealing
the presence of traces of quartz. No other impurities were
recognized. For both samples, the positions of the haematite
peaks and their relative intensities concur well with those
reported for pure a-Fe,O5. The diffractograms of heated Kadan
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Figure 1. Thermomagnetic behaviour of various natural haematite samples. Solid and dotted lines denote heating and cooling curves, respectively.
Panels (a) (b) and (d) illustrate thermomagnetic behaviour typical of non-saturated defect-poor haematite, magnetically dominated by the canted
moment, whereas the behaviour shown in panel (c) is characteristic of a more defect-rich haematite whose defect moment becomes progressively
reduced on heating. The specific break in slope at ~ 100 °C represents the high-temperature onset of the Morin transition. Panels (e) and (f) show the
formation of traces of a new magnetic phase from haematite after heating to ~700-800 °C. This new magnetic phase is characterized by a Curie

temperature of ~470-475 °C.

(Fig. 3b) and LH3 (Fig. 3d) samples clearly reveal additional
reflections characteristic of a cubic spinel phase. The high
relative intensities of the peaks representing the (111), (222) and
(333) planes again suggest that the spinel phase has a distinct
crystallographic relation to the parent haematite. Cubic unit
cell dimensions found for the spinel phase grown on Kadan and
LH3 haematite are both ay=0.835040.0005 nm. This value
falls in the range commonly reported for pure maghemite,

and it is also similar to the cell dimension of the maghemite
described by Takei & Chiba (1966). On the other hand, the
same unit cell length will be obtained for a magnetite sub-
stituted with a certain amount of an ion smaller in size than
the iron ion, such as, for instance, AI>* (e.g. Schwertmann &
Murad 1990), something we regard as unlikely. No shift in the
positions of the X-ray diffraction peaks belonging to haematite
is observed after heating.
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Figure 2. MicroMag measurements at room temperature and thermomagnetic analysis of original Kadan haematite and samples heated in a furnace
to 600, 900 and 1000 °C, clearly showing the progressive development of a highly magnetic low-coercivity phase from pure haematite with increasing

temperature. Hysteresis loops are slope corrected.

4.1.4 Low-temperature behaviour of imparted remanence

Fig. 4 shows a low-temperature cycle, between 0 and —230 °C,
of imparted remanence (2 T) for sample LH3 preheated in a
Curie balance to 800 °C. After cooling to ¢. —50 °C, that is,
below the Morin transition of haematite, &85 per cent of the
initial remanence still remains. This indicates that, as suggested
earlier, at least part of the spinel phase particles are larger in
size than the SP threshold size of ~25-30 nm. On further
cooling, hardly any change in remanence is observed, whereas
on warming back to room temperature a gradual decrease in
intensity occurs until ~75 per cent of the initial IRM. No
indication of a Verwey transition is observed, which excludes
the possibility that the spinel phase is a slightly substituted or
slightly oxidized magnetite. On the other hand, the specific
behaviour observed concurs well with the behaviour described
earlier for maghemite by Dankers (1978) and De Boer &
Dekkers (1996).
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4.2 Synthetic haematite samples

4.2.1 Fe(IIl)nitrate and ferrihydrite precursors

Figs 5 (a) and (b) show the thermomagnetic behaviour of
synthetic haematite samples prepared from a hydrated ferric
nitrate precursor and (c) and (d) show a ferrihydrite precursor.
Evidently, a magnetic spinel phase with 7.~x470-475 °C,
similar to the one described earlier for the natural haematite
samples can be created from both synthetic haematites (a) and
(d) on thermal cycling. The conditions during and after the
formation of the haematite phase, however, seem to be a crucial
factor determining whether the additional magnetic phase is
created on heating or not. The thermal decomposition of highly
pure Fe(NO3);-9H,O to haematite is monitored during a
standard thermomagnetic analysis in a Curie balance using
heating and cooling rates of 10 °C min~! (Fig. 5a). The initial
decrease in magnetization on heating agrees reasonably
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Figure 3. X-ray diffraction patterns of (a) original Kadan haematite and (c) original LH3 haematite and after heating the material to (b) 1000 °C
and (d) 800 °C (magnetic concentrate), respectively. The heated samples clearly show additional peaks belonging to the cubic spinel structure of
maghemite. Reflections of haematite, maghemite, quartz, cristobalite and the silicon standard are denoted by Hm, Mh, Q, C and Si, respectively.

well with reported melting and decomposing points of the
monoclinic nitrate salt, being 47.2 and 125 °C, respectively
(CRC Handbook of Chemistry and Physics). Obviously, an
appropriate haematite type necessary to create the magnetic
phase can be formed when applying one single heating cycle
between room temperature and ~ 750 °C (Fig. 5a). Subsequent
heating to 800 °C and annealing for 30 min (not shown

here) causes almost reversible thermomagnetic behaviour,
indicating that the maghemite-like phase is persistent to this
high temperature and that no additional amount was formed.

On the other hand, stepwise cycling to increasingly higher
temperatures (not shown here) or keeping the sample for a
certain time at an intermediate temperature (e.g. 200 or 350 °C)
before further heating to 750 or 800 °C does not favour the

© 2001 RAS, GJI 144, 481-494



LH3 Hematite

preheated at 800°C in a Curie balance

L1
—
Tt _08
. . Z
=}
|
I-0.6 &,
=
[¢]
o
s
0.4 2
I
=
g
IRM (ZT) g
lo.2
r p : I | 0
-250 200 o (c ) 0

Temperature ( °C)

Figure 4. Low-temperature cycling of a 2 T IRM imparted at room
temperature for sample LH3 after a thermal cycle to 800 °C in a Curie
balance.

Unusual thermomagnetic behaviour of haematites 489
formation of the haematite type required, that is, no additional
magnetic phase is created on heating. Fig. 5(b), for instance,
shows the thermomagnetic analysis of a haematite sample
produced by heating the nitrate salt to 350 °C in a furnace and
keeping the sample at this temperature for half an hour before
heating to 800 °C where it was annealed for 1 hr.

When dealing with a Fe(Ill)nitrate precursor, the specific
thermal cycling procedure used thus seems to determine whether
the appropriate haematite type is actually formed that is required
to create the maghemite-like phase on (further) heating. Again,
these observations do not support any suggestion that the
spinel phase is created by diffusion of impurity cations towards
the surface, because this process is probably not dependent
on the heating procedure used, but rather on the height of the
temperature reached and holding time at the annealing temper-
ature. Cations incompatible with the haematite structure will
be expelled from the crystal lattice irrespective of the heating
procedure. If the formation of the maghemite-like phase was
related to those impurities, it would always form, which is
in contrast to the observations. Consequently, the formation of
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Figure 5. Thermomagnetic behaviour of synthetic haematites prepared from different precursor minerals. Panel (a) shows the thermal decomposition
of a hydrated ferric nitrate salt to haematite and the subsequent formation of an additional magnetic phase with a T, of ~470 °C. Panel (b) shows a
thermomagnetic analysis of a haematite sample prepared from the same starting material which was preheated to 800 °C in a furnace with a 30 min
intermediate heating step at 350 °C. (c) Thermomagnetic behaviour of a synthetic haematite freshly precipitated from a ferric nitrate solution via a
ferrihydrite stage. (d) Haematite sample synthesized under identical conditions to (c) after ~ 1 yr storage in the mother solution.
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the spinel phase must rather be associated with another type of
internal defects of which the concentration varies with the
preparation method.

Figs 5(c) and (d) show the thermomagnetic analysis of a
haematite sample freshly precipitated from an iron nitrate
solution via an intermediate ferrihydrite stage and a sample
synthesized under identical conditions, left for almost 1 yr in
the mother solution, respectively. A magnetic phase with a
Curie temperature of 470-475 °C is created only from the
second sample during thermal cycling. The first appearance of
the maghemite-like phase can already be deduced from the tail
of increasing magnetization after the 400 °C cycle. A distinct
Curie point, however, can only be recognized after the 600 °C
cycle. The spinel phase does not survive annealing at 1000 °C
(not shown here).

The initial two-step decrease in magnetization observed
for both samples is probably due to a goethite and a ferri-
hydrite impurity, each with a different dehydration temperature
trajectory. Because both samples show this initial behaviour
it is not likely that these impurities are responsible for the
creation of the highly magnetic phase. Also, note that the natural
haematite samples described earlier did not have these con-
taminations. Consequently, changes in the precipitated haematite
during storage must thus be responsible for the different
thermomagnetic behaviour. The thermomagnetic behaviour
representative of the haematite phase gives several clues for
these changes. The Hopkinson-like peak in magnetization lies
at a lower temperature for the stored sample and it shows a
block-shaped cooling curve after heating above the Curie point,
whereas the cooling curve of the freshly precipitated sample
still shows the Hopkinson-like peak. According to De Boer
& Dekkers (1998), both observations probably indicate that
the stored sample is magnetically slightly softer, in this case
presumably caused by an improved crystallinity and/or an
increase in grain size. The process of Ostwald ripening—the
growth of large particles in a suspension at the expense of the
smaller ones which redisolve—may be put forward as a cause
for this magnetic observation. In addition, less stable phases
such as ferrihydrite will convert to more stable haematite,
which explains the lower contribution to the signal of these
impurity minerals for the stored sample.

4.2.2  Goethite precursor

Figs 6(a)—(c) show the changes in magnetization during the
thermal decomposition of a synthetic goethite to haematite and
the subsequent heating-induced crystal structure improvement
and grain-size increase. The thermomagnetic behaviour of this
synthetic goethite is described in De Boer & Dekkers (1998)
for cycling up to 100 °C. Subsequent cycling to 150 and 200 °C
slightly alters the goethite phase, as can be deduced from the
irreversibility of the curves (that is, decrease in magnetization)
and the shift of the Hopkinson-like peak to higher temper-
atures. The latter also indicates that the magnetic hardness
of the goethite increases. On further cycling, the distinct drop
in magnetization between 200 and 250 °C marks the major
dehydroxylation step of the goethite phase to haematite. During
the 400 °C cycle, the transformation to haematite is completed.
Using this technique, no indication for the existence of a spinel
phase is found. Other authors (e.g. Ozdemir 1998), however,
have reported the possible formation of intermediate magnetite
during the transformation reaction.
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Figure 6. Thermal decomposition of a synthetic goethite sample as
observed in a Curie balance during repeated runs to increasingly higher
temperatures. Panel (a) shows the dehydroxylation to poorly ordered
fine-grained haematite, whereas panel (b) illustrates the subsequent
heating-induced crystallinity improvement and crystallite growth. The
exponential tail in the magnetization curves observed at their low
temperature side most probably represent the ultrafine-grained part
of the haematite crystallites becoming SP on heating, rather than it
indicating the possible existence of traces of an additional magnetic
phase. Panel (c) shows the thermomagnetic behaviour of the sample
after annealing in a furnace for several hours at 800 °C (1), 950 °C (2)
and 1100 °C (3). Annealing at 1100 °C resulted in a perfectly ordered
defect-poor haematite whose thermomagnetic behaviour is similar to
that observed for the natural samples in Figs 1(a), (b) and (d).
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Haematite formed in this way is reported (e.g. Chevallier
1951) to be extremely fine grained and is generally super-
paramagnetic, i.e. <0.03 pm. The o-Fe,Oj3 particles just above
the SP threshold size appear to be extremely hard (e.g. Dekkers
1990), implying that they are far from being saturated in the
magnetic fields possible in the Curie balance. The progressive
gain in magnetization on repeated cycling to increasingly
higher temperatures (Fig. 6b) shows that the particles become
magnetically increasingly softer. This illustrates the continued
heating-induced growth of the haematite crystallites. Obviously,
during this process, no spinel phase with a distinct Curie point
is created on the a-Fe,O5 particles. Although the typical tail in
magnetization at the low-temperature side of the curves may
indicate the presence of ultrafine-grained spinel particles, it
is more likely to be explained by very small SD haematite
particles which become SP on mild heating (<300 °C). The
temperature hysteresis between a cooling curve and the heating
curve of the subsequent cycle may represent some sort of hard
VTRM. This behaviour resides up to 950 °C (Fig. 6¢). Only
after annealing at 1100 °C does the sample show a block-
shaped cooling curve characteristic of well-ordered defect-poor
haematite.

4.3 Possible formation mechanism of the spinel phase

The observed behaviour may represent the crystallographic a—y
transformation described by Finch & Sinha (1957). Meillon
et al. (1995) also conclude that this transformation can occur
under appropriate conditions. The Curie point of the new phase,
however, does not concur with 7, (~640-645 °C) reported for
the most common maghemite type with octahedrally coordi-
nated vacancies only. On the other hand, it is identical to the
T reported by Takei & Chiba (1966) for an epitaxially grown
maghemite type with a suggested portion (~20 per cent)
of its vacancies on tetrahedral interstices. Before accepting
this option, two aspects need to be explored further: (i) an
independent observation substantiating the surficial character
of the maghemite; and (ii) other possibilities to obtain a Curie
point of 470 °C.

The behaviour observed during citrate-bicarbonate—
dithionite extraction according to the procedure described by
Van Oorschot & Dekkers (1999) supports the surficial character
of the maghemite impurity. Stepwise extraction of ~100 mg
Kadan grains (<40 um) was carried out at 60 °C (45 ml
extraction solution, 1 g dithionite added per step, no matrix
present). After the first step, low-field susceptibility was ~40 per
cent of the starting value and after a second step & 3.5 per cent,
while thermomagnetic runs (not shown here) still recorded the
Curie point of 470 °C. These findings show that the maghemite
is not contained inside the haematite grains because then it
would not be attacked by the reductive dissolution. The observed
dissolution behaviour is fully compatible with fine-grained
material.

Other possibilities to explain the 7. found would be the
presence of newly formed varieties of substituted magnetite
or maghemite. If these phases are formed from haematite, this
would imply that certain foreign cations present in the haematite
structure become incompatible on heating and are expelled
from the lattice forming a spinel surface layer rich in these
elements. Following the molecular-field approximation for ferri-
magnetism, most impurity cations in the spinel lattice will cause

© 2001 RAS, GJI 144, 481-494
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amore or less linear decrease in 7 with increasing substitution.
To get a T. of 470 °C, for instance, magnetite must be sub-
stituted with ~20 mole per cent Ti (e.g. Readman & O’Reilly
1972). For maghemite, a substitution of ~50 per cent Ti (e.g.
Readman & O’Reilly 1972) or ~20 per cent Al (e.g. Da Costa
et al. 1995) is required. Other spinel phases with reported Curie
points in the mentioned temperature range are CoFe,Oy4
(520 °C), CuFe,04 (455 °C), MgFe,0, (440 °C) and MnFe,0,
(300 °C) (e.g. Smit & Wijn 1959). In this view, however, it is
remarkable that the other haematite types with similar or even
higher traces of foreign cations in their lattices do not show
comparable behaviour. Moreover, it would be highly coincident
that from both haematites a substituted spinel is created with
exactly the same Curie point.

The low Curie point of ~470 °C, however, indicates that
the super-exchange bonds existing in the specific maghemite
created during our experiments must be less in amount or less
strong compared to the bonds present in the most common
maghemite varieties with all vacancies on octahedral sites and a
characteristic 7. at 645 °C. The difference may be explained
by an odd arrangement of the vacancies and/or cations over
the octahedral and tetrahedral sites. The epitaxially grown
maghemite variety described by Takei & Chiba (1966), for
instance, has an identical 7. of 470 °C. Various analyses
performed by these authors clearly showed that it was a pure
ferric oxide form, discounting the possibility that any impurity
cation was responsible for the lowering of the 7.. Moreover,
their measured value for the first cubic magnetocrystalline
anisotropy constant K; of —4.6x10* J m~? agrees closely
with the value K; = —4.7 x 10° J m 3 calculated by Birks (1950),
based on measurements of initial permeability for polycrystalline
maghemite (¢/ Dunlop & Ozdemir 1997). Combining our
findings with the results of Finch & Sinha (1957) and Takei &
Chiba (1966) seems to suggest that the arrangement of vacancies
and/or cations in outgrowings of maghemite on certain specific
substrates can be different from that usually encountered in
distinct maghemite particles. The structure suggested by Takei &
Chiba (1966), with approximately 20 per cent of the vacancies on
tetrahedral sites, may also be adopted in our case, especially when
one takes into consideration that all Fe*>* ions in the haematite
parent are octahedrally coordinated.

The fact that the o-Fe,O3;—7-Fe,O5 transformation takes
place at the surface of the haematite particles strongly suggests
that, in our case, a thermally activated outward migration
of some specific type of internal defects forces the necessary
structural rearrangement from a thermodynamically stable
hcp to a less stable ccp stacking of the oxygen layers. The
thermomagnetic behaviour of sample LH4, however, shows
that not every type of internal defect can trigger this process
because no spinel is created on heating. The haematites from
which the spinel phase is created must thus have a specific type
of defect in common. These defects must be present in sufficient
concentration and presumably migrate to grain edges on heating.

In general, the type and concentration of internal defects
is highly determined by the mode of formation. It is known
from the literature that most haematites produced in aqueous
systems or by thermal dehydration of either hydrated nitrate
salts or goethite often retain some incorporated hydroxyl
groups in the structure (e.g. Gallagher & Gyorgy 1969;
Wolska 1981; Subrt ef al. 1984; Wolska & Schwertmann
1989; Schwertmann & Cornell 1991; Waychunas 1991; Stanjek
& Schwertmann 1992). The hydroxyl groups replace O*~
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anions in the haematite crystal lattice (Wolska 1981; Wolska &
Schwertmann 1989). The electroneutrality is preserved by Fe®*
deficiency in the cationic positions, rather than by changing
the valence state of some Fe’* to Fe?*. Moreover, Wolska &
Schwertmann (1989) showed that these hydroxyl groups can be
extremely persistent against heating. Complete removal may
require temperatures up to ¢. 1000 °C. Their release on heating
implies some rearrangement of the haematite structure. When
present in appropriate concentrations this process may possibly
trigger the formation of the maghemite-like phase on the
surface of the particles. Thus, at least for the synthetic samples,
the presence of hydroxyl groups in the lattices of the haematites
might be a suitable candidate to explain the behaviour observed.

The Kadan haematite is reported to be of hydrothermal
origin (<200 °C) and its genesis is associated with a Tertiary
fluorite-barite mineralization. Fig. 7 shows the typical weight
loss pattern of a Kadan haematite sample (<40 pm) measured
during continuous heating from room temperature up to
1000 °C using a constant rate of 10 °C min~'. The thermo-
gravimetric curve shows three distinct steps starting around
400, 700 and 900 °C, respectively. The weight losses at these
high temperatures most probably correspond to the release of
tightly held hydroxyl groups, whereas the initial decrease in
weight up to ~ 200°C can be explained by the release of more
weakly bound adsorbed water. This specific thermogravimetric
behaviour seems to support our hypothesis that the release of
hydroxyl groups would trigger the formation of a spinel phase
from pure haematite.

The genesis of LH3 haematite is not known in detail, and
unfortunately, not enough sample material was left to perform
thermogravimetric analysis. However, the brief description of
the original ore by Dankers (1978) suggests that it was formed
at relatively low temperatures because of the relative poor
crystallinity compared to the other ores described by Dankers
(1978) and Hartstra (1982). Furthermore, no textural indications
were found for the creation from a precursor mineral devoid of
water, such as magnetite. Our hypothesis can thus not be
rejected by these findings.

The results obtained on the various natural and syn-
thetic samples, however, imply that the release of incorporated
hydroxyl groups is not the only condition necessary for the

creation of the magnetic phase to take place. Obviously some
other conditions need to be fulfilled at the same time otherwise
no maghemite-like phase is formed. For instance, no or hardly
any magnetic phase is created on ~1 cm large ore fragments
of Kadan haematite, whereas a spinel did form on particles
crushed below ~250 um. This probably has to do with the
availability of appropriate planes to grow on. As mentioned,
Kadan haematite is acicular, developed along the crystallo-
graphic c-axis, so the amount of suitable planes would be very
low in relatively large ore fragments. On crushing, however, the
length to width ratio of the individual particles substantially
improves and more suited planes become available by sub-
dividing larger particles. This may also explain why considerably
more of the new magnetic phase is created on platy-developed
LH3 haematite compared to acicular Kadan haematite. Thus,
in the temperature range in which the hydroxyl groups are
expelled, enough and sufficiently large suited planes of haematite
must be available, otherwise no maghemite-like phase can be
created.

The same principle probably underlies the differences in
thermomagnetic behaviour obtained on the various synthetically
prepared haematite samples. The individual haematite crystal-
lites prepared from goethite, for instance, stay low in crystal
perfection and size even at high temperatures. It is likely that
most of the incorporated hydroxyl groups—if incorporated at
all in the goethite-haematite conversion process—will already
be released before well-crystallized planes of haematite become
available in sufficient size to grow the maghemite on. Similar
considerations hold for the fine-grained poorly crystalline
haematite particles freshly precipitated from solution. On
the other hand, the crystallinity and grain-size of the sample
stored for a long period in the mother solution would have
been increased because of Ostwald ripening; creation of the
maghemite phase would now be possible. For the haematite
created from the hydrated ferric nitrate salt, our hypothesis
would imply that a higher concentration of internal defects
becomes incorporated during a single heating step compared
to repeated heating steps to increasingly higher temperatures
or annealing at temperatures close to the decomposition
temperature of the precursor mineral before completing the
heating procedure.
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Figure 7. Thermogravimetric analysis of Kadan haematite showing the typical stepwise release of tightly held hydroxyl groups.
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5 CONCLUSIONS

Trace amounts of a magnetic spinel with a characteristic
T of 470-475 °C can be created on the surface of relatively
pure haematite during a standard heating procedure in air.
The spinel has a cubic structure with a unit cell length of
a=0.83504+0.0005 nm. It is argued that the newly created
phase is a pure ferric oxide polymorph rather than an iso-
morphously substituted spinel. The suggested structure is that
of pure maghemite with a peculiar distribution of its vacancies
(and/or cations) over the two magnetic sublattices, that is, with
part of the vacancies on tetrahedral interstices. A mechanism is
proposed in which the structural rearrangement caused by the
thermally activated release of tightly held hydroxyl groups may
trigger the necessary redistribution of the oxygen framework
from hcp to ccp in the outermost layers of haematite particles.
The availability of well-crystallized haematite planes of appro-
priate size, however, seems to be an explicit condition for the
epitaxial maghemite growth to take place.
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