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a b s t r a c t

Several sets of micro-sized synthetic hematite samples were systematically studied by infrared absorp-
tion spectroscopy, X-ray diffraction, thermogravimetric and low-temperature magnetic analysis. These
hematite samples could be divided into three distinctive morphologies of pseudocubic (G⊥ > 0.17, the
shape factor), platy, and rhombohedral (both G⊥ < 0.14). Pseudocubic hematite contains more vacancies
than other morphologies due to the presence of OH in the crystal. Accordingly, the pseudocubic hematite
ey words:
ematite
agnetism
orphology

oercivity
orin transition

exhibits a wider Morin transition and higher magnetic coercivity. Both the low temperature changes in
coercivity and first-order reversal curve indicate that the pseudocubic hematite is dominated by a com-
bination of magnetocrystalline and magnetoelastic anisotropies. In contrast, because of the low vacancy
content, hematite with non-pseudocubic morphologies is governed primarily by the magnetocrystalline
anisotropy. Such a simple morphology dependence successfully links microstructure to the bulk mag-
netic properties of micron-sized hematite and hence improve our understanding of the magnetism of

appl
hematite and its possible

. Introduction

As an end-member of solid solution series [xFeTiO3,
1−x)Fe2O3], hematite (�-Fe2O3) is ubiquitous in various terrestrial
nvironments (Schwertmann and Taylor, 1977). Its contribution
s a magnetic remanence carrier is important both on terrestrial
ithosphere (Tauxe and Kent, 1984) and possibly on Martian crust
Kletetschka et al., 2000; Dunlop and Kletetschka, 2001) with
wo interesting features. First, hematite is an antiferromagnetic

ineral that can carry stable natural remanent magnetization
NRM), a necessary requirement for the successful paleomagnetic
tudies. Because of low saturation magnetization (∼2.5 A/m), the
hreshold between single-domain (SD) and pseudo-single-domain
PSD) hematite could be as large as ∼20 �m (Kletetschka and

asilewski, 2002), yet its SD/superparamagnetic (SP) threshold
s comparable to that of magnetite (∼20 nm) (Banerjee, 1971).
herefore, in natural environments, hematite is often located in
stable SD region, and can thus be one of the most stable NRM

arriers. Second, environmental factors strongly influence the

ormation and preservation of hematite in nature. For example,
he hematite (together with goethite, �-FeOOH) content has
een widely used as an aeolian contribution in marine and lake
ediments (Thompson and Oldfield, 1986; Yamazaki and Ioka,
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ication in elucidating the origin of hematite in natural environments.
© 2010 Elsevier B.V. All rights reserved.

1997; Maher and Dennis, 2001; Larrasoaña et al., 2003, 2006). In
addition, hematite has broader applications from magnetic storage
devices to magnetic imaging (Zhao et al., 2007 and references
therein).

Magnetic properties of hematite are controlled by many
chemical/physical factors such as the grain size (Kletetschka
and Wasilewski, 2002), the remanence acquisition temperatures
(Flanders and Schuele, 1964; Özdemir and Dunlop, 2005, 2006),
the effect of annealing (Zysler et al., 2001), cation substitution
(Wells et al., 1999; de Grave et al., 1982, 1983; Liu et al., 2007)
and the grain morphology (Iglesias and Serna, 1985; Zhao et al.,
2007), and the influence of mineral transformation (Prasada et al.,
2006). Such diverse data came from hematites of various origins
and grain dimensions including an ideal synthetic single crystal
(Sunagawa and Flanders, 1965; Özdemir and Dunlop, 2005), a nano-
sized synthetic material (Liu et al., 2007), synthetic coarse-grained
multidomain (MD) (Kletetschka and Wasilewski, 2002), and natural
hematite particles (Pastrana and Hopstock, 1977; Dankers, 1981;
Dekkers and Linssen, 1989; de Boer and Dekkers, 1998; Özdemir
et al., 2002). Considering its stability and ubiquity, fine-grained
hematite would be important to unravel the lithospheric evolu-
tion of the planetary environment. Yet, the magnetic properties of

micron-sized synthetic hematite with different morphologies have
not been thoroughly examined.

In the present study, we focus on hydrothermally-produced
micron-sized hematites of different morphologies. An integrated
rock magnetic investigation with additional chemical analysis has

dx.doi.org/10.1016/j.pepi.2010.08.008
http://www.sciencedirect.com/science/journal/00319201
http://www.elsevier.com/locate/pepi
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Table 1
Methods used to synthesize the hematite samples.

Sample Starting reagents/products Aging condition Aging temperature Time Reference

H3, H33, K2 (0.019 M FeCl3 + 1.2 × 10−3 M HCl) in the
same volume of ethanol

90 ◦C 14 days Hamada and Matijević (1982)
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J12 40 mL 2 M FeCl3 + 40 mL 8 M NaOH
H180 Ferrihydrite 5 M NaOH
L3 Ferrihydrite 5 M NaOH
S7, S8 Ferrihydrite 5 M NaOH

een conducted to determine the effect of morphology, OH incor-
oration, and vacancies on the magnetic properties of hematite.

. Samples and methods

The synthesis procedures for the eight studied hematite samples
H3, H33, K2, J12, H180, L3, S7, and S8) are summarized in Table 1.
amples (H180, L3, S7, and S8) that were prepared by aging ferrihy-
rite in 5 M NaOH, ferrihydrite was precipitated by neutralizing a
e(NO3)3 solution with NaOH, and polypropylene rather than glass
ottles were used to prevent contamination from silica. In all cases,
eagent grade chemicals were used. After synthesis, the hematite
uspensions were centrifuged, and washed with de-ionized water
everal times to remove soluble salts and either dried in an oven
t ∼110 ◦C or freeze dried. The content of Fe in the samples was
etermined in duplicate by dissolving the sample in hot 6 M HCl
nd analyzing Fe in solution by atomic absorption spectrometry.
he coefficient of variation of this method is <2%.

The infrared (IR) absorption spectra of the samples were
ecorded from KBr disks using a Bruker Tensor 27 MIR spectropho-
ometer with a precision better than 1 cm−l. The X-ray diffraction
XRD) patterns were measured using a Siemens D5000 X-ray
iffractometer with a sealed tube and monochromatic CoK� radi-
tion at a scan speed of 0.005◦ 2� s−1. The proportion of goethite in
amples containing it was estimated by Rietveld refinement using
he POWDER CELL software (Kraus and Nolze, 1996).

Scanning electron microscope (SEM) observations were made
sing a LEO 1450VP SEM, operated at 10–20 keV with an accelera-
ion voltage of 17–20 pA. The thermogravimetric analysis was made
n a Setaram instrument using about 25 mg samples, from 25 and
000 ◦C with a heating rate of 5 ◦C/min.

First-order reversal curve (FORC) analyses were made using
Princeton Measurements Corporation vibrating sample magne-
ometer (Micromag VSM 3900) at room temperature (300 K) and
ow temperature (25 K or 50 K). For each sample, 140 FORCs were

easured with an averaging time of 250 ms and a wait time of
50 ms between successive measurements. A smoothing factor of
(SF = 5) was used to attenuate effects from measurements errors.

able 2
ummary of properties of the studied hematite samplesa.

Type Sample Goethite (%) Fe (%) Water
lossb (%)

Bc (mT) Bcr (mT

Pseudocubic H3 0 68 3.2 606.6 739.9
H33 0 68.5 2.4 553.9 681.2
K2 0 69 2.0 545.9 628.4

Rhombohedral J12 7 68.5 2.1 36.3 270.7
Platy H180 0 70 0.7 107.5 189.6

L3 2 69.5 0.7 221.7 293.4
S7 0 69.5 1.3 86.3 251.1
S8 4 69 1.9 67.6 236.6

a Abbreviations: Bc, coercivity; Bcr, remanence coercivity; Ms, saturation magnetization;
agnetization.
b Water loss between 25 ◦C and 1000 ◦C corrected for water in goethite.
c From the 1 1 0 and 1 0 4 reflections of the X-ray diffraction pattern.
d The grain size was statistically determined by counting ∼100 particles for each samp
180 C 2 h Sugimoto et al. (1993)
180 ◦C 2 h Sugimoto et al. (1993)
70 ◦C 8 days Schwertmann and Cornell (2000)
70 ◦C 44 days Torrent and Schwertmann (1987)

Cycling of saturation isothermal remanent magnetization
(SIRM) is indicative of magnetic mineralogy and granulometry.
Thus, a low-temperature cycling (LTC) of room-temperature pro-
duced SIRM in a zero-field condition was monitored using a
Quantum Design Magnetic Property Measurement System (MPMS).
First, at 300 K, a saturation remanence magnetization (SIRM300 K)
was imparted in a field of 5 T. The measurements of SIRM300 K were
cycled from 300 K to 10 K and then from 10 K to 300 K in a zero field.
The ambient field in the sample chamber is ∼50 �T, which does
not contribute significantly to the net measured magnetization.
Second, after the first run, the same samples were further cooled
down to 10 K, where a magnetic field of 5 T was applied (SIRM10 K),
then the field was turned off, and the samples were measured on
warming to 300 K in a zero field. The temperature sweeping rate is
5 K/min, and the temperature interval is 2 K.

Temperature dependence of magnetic hysteresis was also per-
formed using the MPMS. For the measurements of hysteresis loops,
the maximum applied field is set to 5 T. The coercivity (Bc) and
saturation remanence magnetization (Mrs) are obtained without
correcting the high-field slope. Hysteresis loops were measured at
representative temperatures whenever SIRM showed meaningful
variations. For H33, hysteresis loops were measured at 300, 275,
250, 230, 215, 200, 180, 150, 125, 100, 80, and 50 K, respectively.
For J12, loops were made at 300, 250, 230, 215, 200, 180, 150, 100,
and 50 K, respectively.

3. Results

3.1. Chemical properties and XRD and SEM data

The main physical, chemical and magnetic properties of the
samples are shown in Table 2. The XRD results (Fig. 1 and Table 2)
indicate that all samples are dominated by hematite, goethite being
present in small proportion only in J12, L3, and S8. The ratio

between the intensities of (1 1 0) and (1 0 4) reflections (which
pertain to a plane parallel to the c-axis and to a near-basal
plane, respectively) (Barrón et al., 1988) ranges widely (0.33–0.68;
Table 2). These differences can be caused by vacancies or prefer-
ential orientation, which can in turn be related to differences in

) Ms (Am2 kg−1) Intensity ratioc, peak at
(1 1 0)/peak at (1 0 4)

G⊥ RSIRM Grain sized

(�m)

0.079 0.68 0.19 0.94 2.1 ± 0.3
0.084 0.65 0.17 0.91 2.4 ± 0.5
0.032 0.60 0.19 0.76 1.5 ± 0.6
1.959 0.54 0.06 0.42 2.1 ± 0.6
0.177 0.56 0.13 0.32 1.5 ± 0.3
0.209 0.53 0.13 0.38 2.6 ± 1.0
0.730 0.38 0.05 0.22 2.3 ± 0.7
0.603 0.33 0.05 0.35 4.8 ± 1.2

G⊥ , shape factor from the IR spectrum; RSIRM, memory ratio of isothermal remanent

le.
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ig. 1. X-ray diffraction patterns of two pure hematites (K2, S7) and a hematite with
oethite (J12).

rystal morphology (Table 2). Because the Fe contents of the dif-
erent samples are virtually identical (68–70%; Table 2) and close
o stoichiometric hematite (70%), we assume that the influence of
acancies is small relative to that of preferential orientation. Indeed
he samples with platy morphology exhibit ratios significantly
ower than those of the pseudocubics (0.33–0.56 and 0.60–0.68,
espectively), the rhombohedral morphology exhibiting an inter-
ediate value (0.54). This is consistent with the fact that the platy

ematite particles lie on a basal (0 0 1) or near basal (e.g. 1 0 4) plane
n the pressed powder mount used to acquire the X-ray diffraction
attern.

According to intensive SEM observation, morphologies of
ematite samples used in this study are classified into three types:
seudocubic (H3, H33, and K2), platy (H180, L3, S7, and S8), and
hombohedral (J12). These hematites have a narrow uniform grain
istribution of 1–3 �m. Sample S8 have the coarsest grain size of
5 �m (Fig. 2).

.2. IR absorption spectra

Because the frequency of the absorbed IR radiation depends
n the rotational energy levels and the force constants of the
nteratomic bonds, the IR absorption spectra are useful means of
dentifying and characterizing Fe oxides. As can be seen in Fig. 3, the

R spectra are strongly dependent on the morphology of hematite.
his is general phenomenon occurring when particles are smaller
han the wavelength of the IR radiation (Van de Hulst, 1957). Specif-
cally, the positions of the IR maxima depend on the shape factor, G,
f the hematite particles (Iglesias and Serna, 1985). For an ellipsoid
etary Interiors 183 (2010) 387–397 389

with a, b and c orthogonal semiaxes, G1 + G2 + G3 = 1; for a revo-
lution ellipsoid, two of the axial ratios are equal and G// + 2G⊥ = 1,
where G⊥ and G// are the shape factors perpendicular to and par-
allel to the c-axis, respectively. For an oblate revolution ellipsoid,
G⊥ increases when the (a = b)/c axial ratio decreases (Van de Hulst,
1957).

The pseudocubic hematites exhibit a relatively simple pattern,
with four dominant peaks at 300, 410, 510, and 700 cm−1 (Fig. 3a).
In contrast, the platy and rhombohedral samples show more com-
plicated behaviour, with a subdivision of a dominant 410 cm−1 peak
into two sub-peaks of smaller wavenumbers and an addition of a
new hump or saddle point around 600 cm−1 (Fig. 3b). Such a con-
trasting feature in IR spectra has been attributed to the presence of
a hydrohematite as suggested by Wolska (1981). For the hematites
studied here, the G⊥ values estimated from the calibration curve
presented by Iglesias and Serna (1985) range from 0.05 for two
platy hematites (S7, S8) to 0.19 for two pseudocubic hematites (H3,
K2), consistent with the actual SEM observations (Fig. 2). In gen-
eral terms, and on the basis of shape factor, the samples could be
classified into two groups: pseudocubic with G⊥ > 0.17 and non-
pseudocubic with G⊥ < 0.14 (Table 2). Barrón et al. (1984) further
showed that Al-for-Fe substitution can also affect the shape factor,
although this explanation cannot be invoked for our samples.

3.3. Thermogravimetric analysis

The weight loss between 25 ◦C and 1000 ◦C is due to adsorbed
water, structural OH and also to the dehydroxylation of goethite
in those samples containing it. The thermogravimetric curves for
pseudocubic (H3, H33, and K2) and platy and rhombohedral (H180,
L3, S7, S8, and J12) hematites are shown in Fig. 4a and b, respec-
tively. As expected, a distinct step at ∼300 ◦C is observed for
samples containing goethite (L3, S8, J12). This feature is clearly
enhanced in the first derivative of the thermogravimetric curve: a
clear minimum is observed, for instance, for J12, the sample with 7%
goethite (Fig. 4d), whereas no minimum appears for K2, a goethite-
free sample (Fig. 4c).

The water loss between 25 ◦C and 1000 ◦C corrected for the loss
due to the dehydroxylation of goethite (based the goethite con-
tent of the samples and stoichiometric goethite with 10% water)
is shown in Table 2. The loss of water was greater for pseudocu-
bic than for platy samples (2.0–3.2% and 0.7–1.9%, respectively),
the rhombohedral sample (J12) exhibiting an intermediate value
(2.1%). Therefore, the pseudocubic hematites seem to incorporate
more structural OH than their platy and rhombohedral counter-
parts.

3.4. Temperature dependence of high-field remanence

Low-temperature cycling (LTC) of room-temperature SIRM
showed irreversible heating and cooling curves (Fig. 5). For the
pseudocubic samples (H3, H33, and K2), the remanence gradually
decreases upon cooling, and then remains essentially stable below
∼60 K. The gradual increases in remanences upon heating are due
to the remanence memory. Apparently, after a complete LTC cycle,
the initial IRM has been partially demagnetized.

For the platy (S7, S8, H180, L3) and rhombohedral (J12) sam-
ples, a clear Morin transition is observed around 220 K, which is
lower than the reference value of 250 K for the neatly pure hematite
(Muench et al., 1985). In addition, >50% of the initial remanence has
been demagnetized in these samples. For J12, L3, and S8, a gradual

increase of SIRM upon cooling below 200 K was observed resulting
from the increase in Ms of goethite.

For comparison, the warming curves for the IRM acquired at
10 K (IRM10 K) are also shown in Fig. 5. Overall, they exhibit pat-
terns similar to the corresponding LTC warming cures. Özdemir
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ig. 2. SEM observation showing the morphologies of hematite samples examined
or the others.

nd Dunlop (2006) demonstrated that the IRM acquired below the
orin transition is caused solely by the defect remanence (uncom-

ensated spins). By comparing the similarity between the warming
f IRM10 K and the cooling of SIRM300 K, a dominance of defect ver-
us canted remanent magnetization can be evaluated. The warming
f IRM10 K and the cooling of SIRM300 K are nearly identical for non-
seudocubic hematites, suggesting that the defect remanence is
ominating (Fig. 5). On the other hand, a noticeable offset between
he warming of IRM10 K and the cooling of SIRM300 K is observed
or pseudocubic hematites, indicating that both defect and canted

echanisms contribute to the magnetic remanence (Fig. 5).

.5. Temperature dependence of hysteresis loops

At 300 K, pseudocubic samples tend to have larger coercivity but
ower Ms than the platy and rhombohedral samples (Table 2). Tem-

erature dependence of magnetic hysteresis is useful in unravelling
he dominance of magnetic or other physical anisotropy. A typical
xample of temperature-dependent hysteresis variation is shown
n Fig. 6. For H33 (pseudocubic), at 300 K, the loop became closed at
bout 1.5 T. (Fig. 6). With decreasing temperatures, the saturation
study. The scale bar is 5 �m for samples H33 (b), H180 (d) and L3 (f), and is 10 �m

was achieved at higher fields (∼2.6 T at 100 K and >3 T at 50 K). Dis-
tinctively different hysteresis properties with a low coercivity are
observed for J12 (rhombohedral). For J12, hysteresis loops are not
saturated even at 3 T (Fig. 6).

Temperature dependence of magnetic coercivity and saturation
remanent magnetization for H33 and J12 is displayed in Fig. 7.
For H33, coercivity increased from 300 K to 250 K with an excep-
tion at 210 K. Below 180 K, coercivity decreased with cooling to
100 K (Fig. 7a). Temperature dependence of Mrs for H33 mimics
the cycling of IRM300 K where broad unblocking was monitored
between ∼220 K and 80 K (Fig. 7b). In contrast, for J12 (rhombo-
hedral), both the Bc and Mrs decrease sharply between 250 K and
200 K (Fig. 7c and d).

3.6. FORC diagram

In addition to a conventional hysteresis characterization, FORC

analysis was carried out to visualize the distribution of magnetic
coercivities. As in hysteresis observation, pseudocubic hematites
(H33 and K2) showed much higher coercivities than other mor-
phologies (S8, L3 and J12) (Fig. 8). At low temperatures, the centers
of the peak FORC distributions (CPFD) tends to be larger for pseu-
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Fig. 3. The IR spectra for the studied hematite samples. (a) Pseudocubic, and (b)
platy and rhombohedral. The grey regions are used to distinguish the differences in
the major absorbance peaks around 400 and 600 cm−1.

Fig. 4. The thermogravimetric spectra for the studied hematite samples. (a) Pseudocubic, a
spectra for representative samples K2 and J12 are shown in (c) and (d), respectively. The
etary Interiors 183 (2010) 387–397 391

docubic samples (H33 and K2) but smaller for platy samples (S8,
L3 and J12). For all occasions, CPFD is located below the central
symmetric line.

4. Discussion

4.1. Effects of the OH groups on the magnetic properties of
hematite

As a non-destructive technique, low-temperature magnetic
analysis has been widely used to identify the magnetic phases. Mag-
netite sharply changes its properties at the Verwey transition (TV
at ∼120 K), where it changes from pseudocubic to monoclinic crys-
talline symmetry (Verwey, 1939). In contrast, the Morin transition
(TM, at ∼250 K) for hematite corresponds only to its isotropic point,
where its anisotropy constant changes the sign, leading to the sub-
lattice spins switch from the basal plane above TM to the c-axis
below it.

Previous studies showed that TM is affected by multiple factors,
including the particle size, morphology, and impurities. For spher-
ical hematites, TM will gradually decrease with decreasing grain
sizes, and almost disappear in a grain with diameter <10–20 nm,
which can be accounted for by a lattice expansion in a small parti-
cle (Bando et al., 1965; Ayyub et al., 1988). Presence of impurities
or vacancies, accumulation of strain, and crystal defects can also
reduce TM (Morin, 1950; Flanders and Remeika, 1965; Morish,

1994). Although TM is strongly dependent on Al content, the effect
of Al contribution can be excluded because no Al-substitution exists
in the present study.

In particular, grain morphology is an important factor in con-
trolling the TM. Mitra et al. (2009) investigated several sets of

nd (b) platy and rhombohedral. The first-order derivatives of the thermogravimetric
gray bar marks the dominant weight loss due to goethite around 300 ◦C.



392 Q. Liu et al. / Physics of the Earth and Planetary Interiors 183 (2010) 387–397

F e) for
t the sa

s
s
e
t
N
p

s
b
r
a
p

i
h
h
v
F
d
n
a
[
i
t
t
d
T
v

s
r
i
t
s
t
e
h

ig. 5. Low-temperature cycle of IRM300 K (thin line) and warming curve (thick lin
ransition at about 250–260 K. The dashed horizontal lines (J = 0.1 Am2 kg−1) divide

ynthetic hematite samples of different morphology: ellipsoid,
pindle, flattened, and rhombohedra. Among these samples, the
llipsoid hematite has the highest TM value (251.4 K). In con-
rast, the TM of rhombohedral hematite ranks the lowest (220.8 K).
evertheless, these TM values are much higher than that of the
seudocubic group examined in this study.

Thermogravimetric analyses showed that the pseudocubic
amples displayed more OH capacity than the platy and rhom-
ohedral samples (Fig. 4). In general, a higher OH capacity
esults in a cation vacancy (Wolska and Schwertmann, 1989),
nd thus strongly affects the magnetic properties of hematite
articles.

As long as the present study is concerned, there are four
mportant physical aspects that deserve highlighting. First, a
ighly depressed Morin transition characterizes the pseudocubic
ematites. Such a transition at distributed temperature inter-
als resembles a reduced Verwey transition for SD magnetite.
or such a case, the low-temperature behaviour is controlled
ominantly by changes in the magnetic anisotropy constant (mag-
etoelastic anisotropy in the case of hematite). Decreases in the
nisotropy constant, Ku, will result in decreases in coercivity
Bc = 2Ku/(�o × Ms)] (where �o and Ms are the vacuum permeabil-
ty and the saturation magnetization, resepctively), and thus the
emperature-dependency of the Bc curve can also be used to define
he Morin transition (Fig. 7). In contrast, the platy and rhombohe-
ral samples have a well defined Morin transition, but still have a
M < 250 K. The reduced TM can also be attributed to the effects of
acancies or impurities.

Second, the saturation magnetization of hematite is also
trongly linked to the vacancies. Theoretically, the Ms of antifer-
omagnetic minerals should be zero. However, the vacancies result
n uncompensated spins, and hence strength Ms, which is about

wo orders of magnitude lower than that of magnetite. Table 2
hows that the Fe content for the pseudocubic sample is lower than
hat of the other samples except for sample J12, in which the pres-
nce of small amount of goethite results in underestimation of the
ematite Fe content. However, the presence of more vacancies for
IRM10 K for the studied hematite samples. The grey bars mark the standard Morin
mples into two groups. The magnetizations were normalized by the sample mass.

the pseudocubic samples results in lower Ms is inconsistent with
the theory above. An alternative mechanism could involve in the
canted magnetization.

Third, morphology also strongly affects the magnetic proper-
ties of hematite. Platy hematite showed a much weaker magnetic
coercivity. Considering its observed mean grain size, J12 must be
dominated by SD properties. However, its hysteresis loop resem-
bles a typical SP loop for magnetite. In fact, the platy hematite had
an extremely smaller thickness of ∼10–100 nm, comparable to a
SP/SD threshold for hematite. In other words, for the platy samples,
the thickness of the plate is one of the critical factors to determine
the domain state of hematite.

Fourth, the vacancies further affect the room-temperature
remanence memory. It has been well established that the initial
remanence acquired at 300 K will be partially demagnetized upon
the LTC treatment. The memory ratio of RSIRM is defined as the ratio
of the residual remanence after the LTC to the initial remanence
at 300 K. Below the Morin transition, the lattice spins lie in the c-
axis. As a result, the remanence acquired < TM simply represents the
defect magnetization (Mdefect). As such, it has been observed that
SIRM memory RSIRM is proportional to Mdefect for natural multi-
domain hematite, commercial SD hematite, oxidation of magnetite
(Fe3O4) to SD hematite, conversion of maghemite (Fe2O3) to SD
hematite, and dehydration of goethite (FeOOH) to SD hematite
(Özdemir and Dunlop, 2006). In the present study, a linear correla-
tion (R2 = 0.86) between RSIRM and Mdefect is also established (Fig. 9).
However, the trend in this study is highly inclined towards the
memory rather than the defect remanence compared to the study
of Özdemir and Dunlop (2006) (Fig. 9). Such a distinctively different
trend may result from the amount of stress exerted during sample
preparation. For instance, samples used in the present study were
synthesized from solution, known as to provide relatively stress-

free environment (e.g. Heider et al., 1987; Dunlop and Argyle, 1997).
Among these stress-free hematites, the largest stress was detected
on pseudocubic morphologies where slight contamination of OH
induced higher stress than the non-pseudocubic morphologies
(Fig. 9).
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Fig. 6. Low-temperature-dependent hysteresis loops for the representative samples H33 (pseudocubic) and J12 (rhombohedral).
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.2. Magnetic coercivity for micron-sized hematite

Because of its weak magnetization, the coercivity of hematite is
ontrolled dominantly by the magnetoelastic anisotropy (Dunlop
nd Özdemir, 1997). It has been observed that the coerciv-
ty of hematite depends on the grain size (Kletetschka and

asilewski, 2002), annealing (by implication stress) (Dekkers,
988), and the degree of cation substitution (or vacancies) (Wells
t al., 1999; Roberts et al., 2006; Liu et al., 2007). The vol-
me dependence of magnetic coercivity for hematite was first
ocumented by Chevallier and Mathieu (1943). Such grain-size
ependence was later extended to larger grains (Kletetschka
nd Wasilewski, 2002). Unlike magnetite, the SD/PSD thresh-
ld in hematite was only about 50–100 nm, coercivity steadily
ncreasing from several tens of mT for 1–2 �m particles up to
bout 150 mT for ∼20 �m particles and then decreasing to the
ackground value when the grain size further increased from
100 �m to 1 mm. By contrast, de Boer et al. (2001) found that

he coercivity of hematite increased with decreasing grain size
nd reached a maximum (∼470 mT) for the fine (<1 �m) frac-
ion.

Annealing also strongly affected the coercivity of hematite.
ekkers (1988) found that after annealing, hematite samples can

ncrease its coercivity by about several hundreds of mT. In addition,

iu et al. (2007) and Roberts et al. (2006) found that the coerciv-
ty of fine-grained hematite (several hundreds of nm) is strongly
ffected by aluminous substitution. With increasing degree of Al-
ubstitution, the coercivity of hematite steadily and non-linearly
(c and d). Mrs is the remanence magnetization obtained directly from the hysteresis

increased from several tens of mT for pure hematite up to about
several hundreds of mT for Al-substituted samples (with the max-
imum Al-substitution of ∼14 mol%). Wells et al. (1999) proposed
that Al-substitution in hematite results in the development of
lattice defects and an increase in the number of the particle
crystallites by shrinking the mean crystallite dimensions. Hence,
Al-substitution can stabilize the domain and increase coerciv-
ity.

For any magnetic minerals, coercivity originates from shape,
magnetoelastic, and/or magnetocrystalline anisotropies. Özdemir
et al. (2002) systematically investigated the variations in coercivity
of magnetite at low temperature. For a large (1.3 mm) magnetite
crystal controlled dominantly by magnetocrystalline anisotropy,
coercivity gradually decreased upon cooling and reached a small
value at Ti, where K1 becomes zero. Nearly identical signature was
duplicated in J12, strongly indicating a dominant magnetocrys-
talline anisotropy (Fig. 7).

In contrast, sample H33 showed a more complicated pat-
tern with a minimum coercivity of ∼350 mT at 100 K (Fig. 7).
Indeed, the entire pattern can be interpreted as a mixture of a
steadily increasing trend upon cooling and a drop when cross-
ing the Morin transition between 100 and ∼170 K. The decrease
in coercivity upon cooling crossing the Morin transition can be
reasonably attributed to the magnetocrystalline anisotropy as in

J12 (Fig. 7). The increasing trend in coercivity upon cooling below
100 K may result from the magnetoelastic anisotropy, caused by
vacancies associated with the OH groups in pseudocubic morphol-
ogy.
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Fig. 9. Plot of the memory ratio RSIRM versus the defect magnetization Mdefect (the
value of 300-K SIRM, measured at 20 K). The solid and open circles indicate data

can be divided into three groups in terms of their crystal morphol-
ig. 8. FORC diagrams for two groups of hematite samples measured at room tem-
erature and low temperatures.

This interpretation can reasonably account for the FORC dia-

ram patterns. For the pseudocubic samples (H33 and K2) (which
ossess more vacancies), magnetoelastic anisotropy dominates
he coercivity, and thus at low temperatures, its CPFD is shifted
owards higher values. In contrast, for the platy samples (less
from this study and from Özdemir and Dunlop (2006), respectively. The dashed line
indicates the linear trend (R2 = 0.86) for the data from this study. The dashed region
indicates the background trend for data from Özdemir and Dunlop (2006).

vacancies), the dominant factor is magnetocrystalline anisotropy
and thus coercivity undergoes reduction because K1 gradually
decreases.

4.3. Further implications of the grain morphology

In nature, morphology of hematite crystal represents its growing
environment. For example, Rösler (1983) found that the thick-
ness of hematite plates formed under hydrothermal conditions
reflect temperature conditions. If so, the morphologic difference
in hematite is potentially useful in environmental application.
Hematite is extremely important because it carries highly stable
NRM and is much resistant to later alteration or metamor-
phism than magnetite. In fact, identifying the sources of NRM for
hematite-bearing rocks is often required because they carry differ-
ent types of NRM. For example, detrital hematite carries primary
depositional remanence magnetization (DRM), whereas secondary
hematite carries chemical remanence magnetization (CRM), which
can contaminate DRM and thus complicate the interpretation of
paleomagnetic results. In addition, presence of hematite can pro-
vide pivotal clue for the evolution of Martian lithosphere (Catling
and Moore, 2003; Baldridge and Calvin, 2004; Scott and Fuller,
2004).

The simplest yet useful proposition by Rendón and Serna (1981)
is useful to determine the shape of hematite on the basis of the
IR adsorption spectra. Similar interpretations in Iglesias and Serna
(1985) and in this study confirm that the IR adsorption is in princi-
ple valid for morphology distinction. In the future, a combination of
magnetic and mineralogical characterization will be recommended
to discriminate hematite of different origins.

5. Conclusions

The main conclusions of the present study are:
(1) The micron-sized hematite samples examined in this study
ogy as pseudocubic, platy, and rhombohedral. Because these three
groups of hematite were synthesized in different environments,
and thus their intrinsic micro-structures were different, they exhib-
ited different magnetic properties.
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(2) Observed coercivities range from several tens of mT (non-
seudocubic) to several hundreds of mT (pseudocubic). Such
orphology dependence of magnetic coercivity results from a

ominant magnetoelastic anisotropy in pseudocubic grains due to
he presence of vacancies caused by the incorporation of OH in the
rystal structure.

(3) The Morin transition is also directly related to vacancies.
he higher degree of OH incorporation in the pseudocubic crystal
tructure yields more vacancies, and thus smeared the Morin tran-
ition. A rather sharp (but shifted towards lower temperatures than
xpected) Morin transition is observed only for non-pseudocubic
rains.

(4) The shape factor G⊥ is consistent with the morphology
f hematite. This study confirms that G⊥ is valid in distinguish-
ng crystal shape even for micron-sized hematites, and thus
ould be a potential proxy to discriminate hematite of different
rigins.
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