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a b s t r a c t

Combined XRD and Mössbauer effect spectroscopy studies to high pressures of �30 GPa of vacancy

ordered maghemite are presented. The vacancy ordered superstructure is robust and remains intact up

to the pressure-induced onset transition to hematite at 13–16 GPa. The pressure transformed hematite

is shown to be crystallographically textured, unlike the randomised low pressure maghemite phase.

This arises out of a pressure or stress instigated topotactic transformation of the cubic-spinel to

hexagonal-corundum structure. The textured sample permits us to obtain information on the spin

reorientation behavior of the pressure transformed hematite in compression and decompression

sequences. Spin reorientation is restricted to �151 over wide pressure ranges, attributable to the

effect of entrapped vacancies in the high pressure structure. Thus there are structural and magnetic

peculiarities specific to pressure transformed hematite not evident in pressurized hematite starting

material. These are triggered by the maghemite-hematite transformation.

& 2012 Elsevier Inc. All rights reserved.
1. Introduction

Maghemite (g-Fe2O3), the fully oxidized structural analog of
magnetite Fe3O4, is both of geophysical significance and of crucial
importance to the magnetic recording and data storage industries.
Other uses are as catalysts, in pigments as well as a large range of
biomedical applications.

There has been considerable interest in the magnetic–
electronic pressure response of magnetite in the last several
years. This has given rise to several publications and what appears
to be false alarms based on the claims of an inverse-normal
spinel structure change in the low pressure regime, see Baudelet
et al. and references therein [1].

The pressure response of maghemite is less well studied,
although there has been some X-ray diffraction (XRD) studies of
nano-phase maghemite [2,3], and to the best of our knowledge
one 57Fe Mössbauer effect spectroscopy (MS) study [4]. It is now
established that in the bulk material a sluggish structural transi-
tion at room temperature is onset at 10–15 GPa where the low
pressure cubic spinel phase starts to transform to the well known
corundum structure of hematite a-Fe2O3 and reaches completion
by 30–35 GPa [2,4].
ll rights reserved.
Hematite as starting material has also been quite extensively
studied in high pressure–temperature (P–T) experiments. Much of
this is motivated by geo-science considerations of the behavior
of these oxides under deep Earth conditions [5]. There has also
been extensive interest in the sluggish structural transition at
room temperature which is onset at �50 GPa and where a
progressive transformation to the distorted corundum structure
(Rh2O3-II type) occurs, concurrent with an insulator–metal tran-
sition and magnetic collapse [6–8].

All of the above-mentioned oxides are magnetic insulators,
typifying strongly correlated 3d transition metal compounds of
the charger-transfer type. Pressure tuning the interplay between
the spin, charge and even orbital degrees of freedom in these
oxides has been considered very topical in recent years [1,6,9].

In this work we make a more detailed examination of the
pressure-induced maghemite-hematite transition in a well charac-
terized bulk sample [10]. The existence of the structural transforma-
tion at pressure is well known for several years now, our work serves
to emphasize the effects and consequences of the transformation on
the high pressure phase which has not been delineated in previous
studies. It is shown that the response of the pressure transformed
hematite has structural and magnetic peculiarities that are not
evident when hematite itself, as starting material, is cycled to high
pressure and back to ambient conditions again. Thus these peculia-
rities are supposed to be linked to the pressure or stress instigated
structural transformation of the defect cubic spinel (maghemite) to
corundum structure of hematite.

www.elsevier.com/locate/jssc
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The pressure response of a high quality sample of maghemite
with an ordered vacancy sub-lattice is examined. A comparison is
made with other structural studies and the previous 57Fe MS
study. This combined XRD structural and MS magnetic study
helps to reveal the high degree of lattice preferred orientation in
the pressure transformed phase. There is crystallographic c-axis
alignment and an associated magnetic texturing of moments,
biased in the direction of the load axis. Decompression experi-
ments evidence deformation of the local atomic environment of
the Fe atom which affects the direction of the maximum value of
the electric field gradient (EFG), normally assumed to always be
directed along the c-axis of the hexagonal unit cell. Probing the
textured hematite sample in compression–decompression cycles
allows us to obtain unique information on the pressure-response
of the spin reorientation angle. This spin reorientation, as a result
of competing magnetic anisotropies is shown to be quite different
to that associated with the Morin transition in pristine hematite
starting materials.

This manuscript is organized as follows : Section 2 has a
description of the XRD and 57Fe MS experiments; Section 3 has
the results of the XRD pressure studies as well as results of the
Mössbauer experiments at pressure together with necessary
background theory needed to interpret the data; Section 4
combines the outcomes of the XRD and Mössbauer experiments
to rationalize the behavior of the pressure transformed hematite
and Section 5 culminates in the conclusions of this study.
2. Experimental

The sample has been obtained from the source in the reference
by Shmakov et al. [10]. As detailed in that reference it was
prepared as a high purity powder by thermal decomposition of
a-FeOOH. The sample has been very well characterized by
synchrotron XRD and electron microscopy and is the main subject
of the publication by Shmakov et al. [10]. Our XRD and 57Fe MS
measurements at ambient conditions confirm the integrity of the
samples to be that of single phase maghemite (e.g., see Fig. 1).

Synchrotron XRD experiments at high pressure have been
performed in angular dispersive mode (l¼0.7022 Å) at the
XRD1 beam line of the ELETTRA Synchrotron (Trieste, Italy) using
a miniature piston-cylinder type DAC with anvil culets of 400 mm
diameter. The sample has been loaded in a 200 mm diameter
Fig. 1. Selected powder XRD spectra of maghemite up to 32 GPa at room

temperature. The maghemite (g-Fe2O3) to hematite (a-Fe2O3) transformation is

onset in the region 14–19 GPa. The labels denote M (maghemite reflections), H

(hematite reflections), Pt (platinum), G (extra peaks: gasket or impurity). The

weak superstructure peaks from the vacancy ordering in maghemite are indicated

by arrows.
cavity in a stainless steel gasket pre-indented to 80 mm thickness.
A piece of Pt foil has been used as internal pressure calibrant and
we loaded the sample chamber with liquid nitrogen as pressure
transmitting medium by an immersion technique involving the
opening and sealing of the DAC to low pressures in a cryogen
bath. The explored pressure range was from ambient pressure to
30 GPa and back to ambient at intervals of about 2 GPa. The
diffractograms were collected at room temperature on a CCD area
detector and the images were integrated with the FIT2D software
package [11]. These were subsequently analyzed by the GSAS
code [12] to extract the cell parameters from a full-profile fitting
analysis.

Details of the MS experimental set-up for pressure work, on
the natural Fe abundance sample, has been delineated in the
reference by Takele and Hearne [13]. A separate but similar
piston-cylinder DAC to the XRD work has been used. Similar to
the XRD study, the sample was loaded as loose randomized
powder grains into a 250 mm diameter cavity of a Re gasket
indented to a thickness of �30 mm. Silicone oil was used as the
pressure transmitting medium. The average pressure was deter-
mined from the fluorescence spectra of a few ruby balls distrib-
uted in the cavity and the pressure distribution never exceeded
5% of the average pressure. Data acquisition times at room
temperature were typically 20–40 h to obtain 250,000 counts
per channel for a spectrum and its mirror image in 1024 channels.
Each spectrum was folded to remove baseline curvature prior
to the fitting using the WINORMOS analyzing software [14].
Lorentzian profiles have been used in fitting the sextet spectra
involving theoretical considerations where the electric quadru-
pole interaction is much smaller than the magnetic dipole
interaction.

The relative intensities and line width in the typical sextet
profile obtained for a thin randomized powder sample of maghe-
mite (10 mg/cm2) measured outside of the DAC compare favor-
ably with the sample measured in the DAC after closure. This is
taken to indicate that so-called thickness (line broadening) effects
are not significant for the pressurized sample, and thus the fitting
using the usual Lorentzian profiles is reliable [15].
3. Results

3.1. XRD pressure outcomes

Maghemite (g-Fe2O3) is the fully oxidized structural analog of
magnetite (Fe3O4), but differs from the latter by the presence of
vacancies distributed on the cation sublattice, to ensure charge
compensation. Its formula can be written (Fe3þ) [Fe5/3

3þ&1/3] O4

where ( ) and [ ] designate tetrahedral and octahedral coordina-
tion, respectively. Charge balance is attained by way of vacancies,
symbolized by & and constituting �11% of the cation sites. The
vacancies can be distributed at random (resulting in a cubic unit
cell whose space group is Fd-3m) or partially ordered on the
octahedral positions resulting in a change of the cubic cell (to
space group P4332) or, for the fully ordered structure, in the
formation of a superlattice involving the vacancies such that the
unit cell is best described as tetragonal (space group P41212) with
lattice parameters a0 ¼b0Ea and c0E3a [16]. The lattice para-
meters a0,b0,c0 are for the tetragonal structure while a is the lattice
parameter for the cubic structure.

In our sample the presence of weak superstructure reflections
in the diffraction pattern at ambient conditions, see Fig. 1,
indicates ordering of cation vacancies and its tetragonal super-
structure has been well described in previous work [10]. It may be
noted that there is no indication of appreciable preferred orienta-
tion effects. There is an increased contribution to the background
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of the diffraction pattern due to the sample location in the DAC
environment and we were not able to distinguish the very weak
superlattice reflections (1 0 1) and (1 0 2) at 2yo61. These are
features of the tripling of the unit cell. In the analysis we are
therefore obliged to use a unit cell for the partially ordered
structure with a0 ¼b0 ¼a, c0Ea and space group P43212 (iso-
morphic subgroup of P41212) for initial trial refinements. The
refined structural parameters derived from this space group are
then used in a constrained refinement under the P41212 space
group to derive the final set of structural parameters, as already
used by Greaves [17] and Jorgensen et al. [18].

Fig. 1 shows high pressure powder XRD patterns of maghemite
up to 32 GPa at room temperature. The original ordered vacancy
structure of maghemite is maintained up to at least �14.5 GPa
where we can still distinguish the presence of the weak super-
lattice reflections. At �19 GPa additional signatures, at 2y values
of 151 and 191, are apparent. This suggests that the onset
transformation to a new structural phase ascribed to hematite
(a-Fe2O3) is in the range 14–19 GPa. Maghemite phase signatures
coexist with the new structural phase to beyond �25 GPa and
evolve into the background signal by �30 GPa.

Our results are in good agreement with transition pressures
reported in previous XRD studies [19], as well as the 57Fe MS
pressure study [4]. On the other hand Jiang et al. [2] and Clark
et al. [3] found phase transition pressures at �25 GPa and well
beyond this, for bulk materials. These do not likely represent
onset transition pressures but values where the hematite signa-
tures start to become significant. It may be noted that the phase
transition in g-Fe2O3 can be affected by the preparation method
of the specimen, metal ion doping, particle size, degree of crystal-
linity of the sample etc.

The pressure-induced phase transformation from maghemite
to hematite is irreversible and upon decompression the high
pressure form is preserved to ambient conditions. In Fig. 2 we
show the hematite patterns from 25.5 GPa to ambient pressure
collected upon decompression. Hematite crystallizes in the corun-
dum-type structure with space group R-3c and has a rhombohedral
primitive unit cell [20]. It can be also described in a hexagonal unit
cell setting containing six formula units, which is what we will refer
to in the rest of this manuscript [21]. The trigonal axis of the FeO6

octahedron is directed along the c-axis of the hexagonal unit cell. It
is along this c-axis that Fe atoms in adjacent layers share faces of
FeO6 octahedra [7,20].
Fig. 2. Powder XRD patterns of the high pressure transformed hematite during

decompression.
The lattice constants of the pressure transformed hematite
after decompression to ambient conditions have been refined to
be, a¼5.060(5), c¼13.75(2) Å and V¼304.9(8) Å3. The density
difference between the maghemite and the hematite phase at
ambient conditions is 8.5%. The cell volume and c/a ratio are
plotted in Fig. 3 for the pressure transformed hematite compres-
sion and decompression sequences. The c/a ratio appears to be
somewhat erratic on compression as a result of the refinement in
a two phase system in which the phase transformation is still
evolving to completion at �30 GPa. The behavior seems to be
more regular upon decompression, first weakly monotonically
increasing as pressure decreases. In the region of �7 GPa there
appears to be an onset of a discontinuous change. This perhaps
signifies some local structural changes (bonding distortions) of
the FeO6 octahedron.

The diffraction patterns of hematite at all pressures during
compression and decompression indicate the presence of texture
in the sample, even after pressure release to ambient conditions
in the compacted sample, see Fig. 4.

In particular the (1 1 0) and (1 0 4) intensity ratio is inverted
compared to the pattern of a sample of randomly oriented grains.
This is seen in Fig. 4 where there is a comparison of the raw
hematite XRD pattern at ambient conditions after decompression
with a simulated pattern of randomly oriented grains of hematite.
It may be noted that similar lattice preferred orientation behavior
Fig. 3. (a) Variation of the unit cell volume as a function of pressure at room

temperature for maghemite (squares) and pressure transformed hematite (circles:

compression data; green triangles: decompression data). (b) Variation of the c/a ratio

for the pressure transformed hematite structure in compression and decompression

sequences.



Fig. 4. Top panel shows simulated XRD pattern for randomly oriented hemati-

teþPt powder sample. Labels are hkl values of hematite, Pt (platinum) and G

(gasket) reflections. Bottom panel shows observed and calculated XRD patterns for

textured hematite at ambient conditions as recovered from high pressure. Rietveld

refinement has been performed using a March–Dollase semiempirical function to

model the lattice preferred orientation effect. The difference pattern is shown

below the fitted spectrum.
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is evident in the XRD patterns of recent pressure studies compar-
ing the transformation behavior of bulk and nano-phase maghe-
mite. Yet these preferred orientation effects have not been
highlighted or linked to the structural transformation [19].

To refine the structure of the recovered hematite sample we
then took into account a preferred orientation correction using
the March–Dollase semi-empirical function available in GSAS
[22]. The best fit (bottom panel of Fig. 4) is obtained with a
preferred orientation of the c-axis of hematite such that there is
bias along the incident beam (load axis) direction.
3.2. 57Fe MS pressure studies

3.2.1. Maghemite spectra

Fig. 5 shows the relatively high resolution Mössbauer spectra
in the pressure regime up to �20 GPa. The two-site (tetrahedral
and octahedral) feature sextet patterns of the spectra are evident
from the fitting up to �13 GPa. At low pressures close to ambient
conditions these yield magnetic hyperfine fields, Bhf, of 49.4 T and
51.0 T at tetrahedral and octahedral sites, respectively, in accor-
dance with the literature [23]. Beyond 13 GPa a new sextet
component (shown shaded and having Bhf¼52.2 T) emerges,
indicative of the onset of the second-order maghemite-hematite
transformation. This figure suggests that the onset of the phase
transition is in the range 13–16 GPa consistent with the XRD data
of Fig. 1; but is likely somewhat dependent on the experimental
conditions (particle size, pressure transmitting medium etc).

In this low pressure regime the spectra of maghemite have
also been fitted with a single sextet to check for the onset of line
broadening likely signifying the onset of the structural transition
(bottom panel of Fig. 5). Such line broadening is seen to develop
at �13 GPa and is likely the onset pressure of the transformation.

At 16 GPa and beyond where the hematite abundance,
deduced from the total absorption area of the spectral compo-
nent, becomes appreciable (Z33%), unusual relative line inten-
sities start to evolve for the sextet absorption profile. This is seen
by focusing on the intensities of adjacent resonances of lines
2 and 3 (ratio I2/I3) or lines 5 and 4 (ratio I5/I4), where I denotes
the absorption intensity or area (see Fig. 5).
3.2.2. Relative intensities of high pressure phase spectra and the

Morin transition

For any spectral component the ratio of these lines is depen-
dent on the angle, g, between the g-ray propagation direction
(which in this case is along the load axis) and the direction of Bhf

at the 57Fe nucleus (which is collinear with the atomic spin
moment). The ratio is given by [24,25],

R¼
I2,5

I3,4
¼

sin2 g
1
4ð1þcos2 gÞ

, ð1Þ

R ranges from zero for g¼01 to 4 for g¼901 and has a value of
2 at gE551, see Fig. 6(a). An assembly of spins randomly oriented
in the sample is expected to give a sextet pattern with relative
intensities of 3:2:1:1:2:3. That is, the ratio RA¼2 and the sub-
script A refers to an assembly of spins. Note that a value RA¼2 will
also be obtained for g¼551 for a single crystal sample or one
showing preferred orientation. The absorption areas instead of
intensities are often used to compare the relative strengths of the
resonance lines and are therefore needed to obtain the RA value.
RA may involve errors due to so-called saturation effects when the
sample thickness exceeds certain recommended values [15,26].
The bottom panel of Fig. 5 shows that such effects are expected to
contribute negligible error in the evaluation of RA. That is, the
sample measured in the DAC at ambient pressure yields similar
spectral parameters to that of a thin absorber of �10 mg/cm2

measured outside of the DAC (open symbols).
The fitting of the spectra at PZ19 GPa involves the pressure

transformed hematite component (as a majority phase exceeding
50% abundance) and the maghemite components comprising the
tetrahedral and octahedral sites of the spinel structure. The
hematite component at these high pressures has values for
RAr1, well below that expected for an assembly of randomly
oriented spins (in which RA¼2). Obtaining the relative line
intensities for the minority phase (transforming maghemite)
component are more ambiguous because of strong overlap of
inner lines 2, 3, 4, 5 (see Fig. 5) and two closely aligned and
overlapping octahedral and tetrahedral site spectral components.
At these pressures we rather choose to model the transforming
maghemite component as a single broadened sextet. The RA value
for this maghemite component may be constrained at �1.6
similar to the value at the onset of the transformation at low
pressure (see bottom panel of Fig. 5) or left as a free fitting
parameter. This does not impact significantly on the RA value
obtained for the pressure transformed hematite component in
which RAE1. Our attention is focused on this pressure trans-
formed hematite component.

Under ambient conditions hematite is known to undergo a
spin reorientation at the so-called Morin transition of TM�260 K.
This is a consequence of competing magneto-crystalline and
magnetic dipolar anisotropy energies KMC and KMD, respectively,
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Fig. 5. (a) Mössbauer spectra of maghemite to pressures beyond the onset of the structural transition to hematite. Solid lines through the data (symbols) are the

theoretical fit. Hematite component is shown shaded at 16 and 19 GPa. Note the change in relative line intensities in the range 13–16 GPa when the hematite component

starts to evolve. Panel (b) shows single component fit to monitor the resonance absorption area ratio RA and linewidth of the pressurized maghemite. Open symbols are for

a thin sample measured outside of the DAC.

1 2 3 6

Bhf
γ-ray

Collinear
RA« 2 

γ-ray

Bhf

Perpendicular
RA=4

γ-ray
Bhf

Random
RA=2

0
0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0

R
A
 =

 I 2
.5

 / 
I 3

.4

angle γ

1 2 3 6

1 2 3 6

1 2 3 5 6

QS > 0Antiferromagnetic AF

1 2 3 5 6

QS < 0
Weakly
Ferromagnetic WF

0
-1.0
-0.5
0.0
0.5
1.0
1.5
2.0

an
gu

la
r t

er
m

 in
 Q

S

angle between VZZ and Bhf, θ

Vzz Bhf

Vzz

Bhf

4 5

4 5

4 5

4

10 20 30 40 50 60 70 80 90 20 40 60 80

4

Fig. 6. Cartoon depicting (a) relative line intensities and the relation between Bhf direction with respect to g-ray beam direction. (b) QS parameter values and associated

line positions and the relation between Vzz and Bhf.

G. Hearne, V. Pischedda / Journal of Solid State Chemistry 187 (2012) 134–142138
of opposite sign and with different temperature dependencies
[21,27]. At T4TM, KMD dominates, and spins are aligned perpen-
dicular to the c-axis (i.e., in the basal plane) in the hexagonal
setting. Spins in adjacent layers stacked along the c-axis are
slightly canted toward each other and a weak ferromagnetic
(WF) moment develops in the basal plane [28]. At ToTM, KMC

dominates, and spins align along the c-axis. and the system
is a collinear antiferromagnet (AF) [29,30]. The transition tem-
perature TM is known to be quite sensitive to the presence of
impurities and small particle size. It is obviously pressure depen-
dent. This has been well documented in comparatively low
pressure studies to �10 GPa of early research on pressurized
hematite as starting material and in fact TM rises to room
temperature by�5 GPa. [21] This means that at P45 GPa at
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room temperature, moments start to align along the c-axis in an
AF configuration of adjacent layers. Neutron diffraction work both
at ambient conditions and in a separate study up to �10 GPa
suggests that the spin direction in the sub-lattices of the AF state
(at ToTM) are inclined by not more than �201 away from the
c-axis [20,31]. At room temperature and the very high pressures
reached in our investigation, �30 GPa at which T5TM, it is
anticipated that the spins are even closer aligned to the c-axis,
if not collinear with it.

Therefore in the pressure transformed hematite onset at
13–16 GPa, for which RAr1, it may be inferred from Eq. (1) that
the spin direction with respect to the load axis is gr401, see
Fig. 6(a). There is thus preferred orientation of the magnetic
moments (spin texture) in the load axis direction, consistent with
the crystallographic texture seen in the XRD study. This persists
to the highest pressure of �30 GPa, depicted in Fig. 7. It should be
noted that such preferred orientation effects are not evident in
the low pressure maghemite phase for which RAZ1.6. At the
highest pressure of 30 GPa where full conversion to the hematite
phase is completed RA¼1.0; thus spins are aligned at a 401 (cone)
angle to the load axis direction [24]. This spin alignment persists
upon decompression to �7 GPa, see Fig. 7.

Upon decompression to ambient conditions there is an increase in
intensity of lines 2 and 5 relative to the innermost lines 3 and 4. A
value of RAE2.1 is obtained from the fitting. This means that the
moments are either randomly oriented or re-aligned at an angle of
gE551 to the load axis (Fig. 6(a)). This spin alignment (magnetic
texturing) behavior of the pressure transformed hematite needs to be
considered in conjunction with the XRD results which evidence
appreciable lattice preferred orientation (crystallographic texture)
effects. This will be discussed in the next Section 4.

3.2.3. Quadrupole shift parameter and spin reorientation

Since spin alignment features appear to be important in the
pressurized sample, another important fitting parameter related
to this is the quadrupole shift (QS) parameter. This is the
γ-ray

θ > 55°

γ ≈ 40°

Vzz
Bhf

θ ≈ 0°

γ ≈ 40°

θ ≈ 90°

γ ≈ 55°

Bhf
Vzz

Fig. 7. Mössbauer spectrum at the highest pressure as well as those taken upon

decompression. Depiction of the relative orientations of, g-ray beam, Vzz and Bhf

are also indicated. This is deduced from the QS value and ratio RA, assuming that

axial symmetry is maintained throughout. The g-ray beam coincides with the

compression (load axis). The angle between the g-ray beam and Bhf is g. The angle

between Vzz and Bhf is y.
interaction of the electric field gradient (EFG) as a result of the
local (electronic and nearest neighbor atoms) charge environment
and the quadrupole moment. It reflects the site asymmetry of the
57Fe local environment. The expression for QS of a magnetically
ordered sample in which there is a magnetic hyperfine field Bhf at
the 57Fe nucleus is given by (see Kolk, pp. 43–44) [26]:

QS¼ 1
8e2qQ ð3cos2y�1þZ2 sin2ycos2fÞ: ð2aÞ

where e is the electron charge and eq� Vzz ¼ @
2V=@z@z is the

maximum value of the EFG in the principle axis system (in which
the EFG tensor is diagonal), V is the electric potential at the
nuclear site, and the Q on the right hand side of the equation is
the nuclear quadrupole moment of the 57Fe nucleus. The asym-
metry parameter Z¼ ½Vxx�Vyy�=Vzz has values 0rZr1. The
angular factor in Eq. (2) involves the polar angles y and f that
Bhf makes with the direction of Vzz. This QS parameter has the
effect of shifting each of the resonance lines such that they are not
symmetrically centered around zero of velocity on the x-scale (see
Fig. 6(b)).

The QS parameter is only pertinent to hematite whose primi-
tive unit cell (rhombohedral) has lower than cubic symmetry. In
the case of hematite, at ambient conditions, Vzz is directed along
the c-axis in the coordinates of the hexagonal unit cell ( equiva-
lent [1 1 1] direction in the rhombohedral setting ). This is the
trigonal axis of the FeO6 octahedron along which there is axial
symmetry and thus Z¼0 in Eq. (2) [21]. The expression for the QS

thus reduces to

QS¼ 1
8e2qQ ð3cos2y�1Þ: ð2bÞ

The QS parameter for the maghemite phase is usually expected
to be zero because of the cubic lattice symmetry of the spinel
(Vzz¼0). The Fe atoms having nearest neighbor vacancies con-
tribute slight resonance line broadening effects and normally QS

is set to zero in fitting spectra of the cubic lattice symmetry
situation of the spinel [32]. Recently it has been demonstrated
that the presence of nearest neighbor vacancies at the Fe sites in
the structure can render the QS to be finite [33]. Therefore this can
be modeled in high resolution MS spectra of maghemite. However
additional line-broadening effects from the 57Co(Rh) source of
high specific activity, which is an imperative for the high pressure
MS experiments, would render such a detailed analysis unreliable
in our case. Slight pressure gradients and deviatoric stresses due
to a degree of non-hydrostaticity would also cause some line
broadening. Therefore in our analysis of the maghemite spectra
QSE0 mm/s and resonance line broadening accounts for any site
asymmetry effects from the vacancies [4].

In hematite the spin reorientation through TM is manifested in
the angular factor in the QS of Eq. (2b), such that QS

(yE901)¼�0.20 mm/s for T4TM. This is about half the value
and of opposite sign to the case of QS (yE01)¼0.40 mm/s for
ToTM, see also Fig. 6(b) [21]. The QS parameter is thus often used
to determine whether hematite is in the spin canted WF state or
collinear AF state.

In this work the QS parameter will prove useful in ascertaining,
in the pressure transformed hematite phase, how the spin
moments (Bhf) align with respect to Vzz from Eq. (2b). At ambient
pressure this component of the EFG is biased along the crystal-
lographic c-axis (which coincides with the trigonal axis of the
FeO6 octahedron). This is in addition to monitoring how the spins
align relative to the load axis using the relative absorption
intensities and Eq. (1).

The evolution of the QS parameter is represented in the labels
of Figs. 7 and 8 and is similar to that of a previous study. [4]
As soon as hematite becomes the majority phase at PZ19 GPa
the QS values increase monotonically from þ0.40 mm/s to
þ0.50 mm/s at 30 GPa, in comparison to QSE�0.20 mm/s in
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the canted WF state at Po5 GPa. The monotonic increase of QS

upon rising pressure is likely due to changes in Vzz because of
changes in inter-atomic distances. The QS values of the pressure
transformed hematite are indicative of the collinear AF state
similar to the value of hematite starting material below the Morin
transition ToTM. At these high pressures TM is well above room
temperature [21]. Recall that from the neutron diffraction pres-
sure study it is anticipated that the spins are aligned at less than
201 to the c-axis, if not collinear with it [31].
3.2.4. Decompression data and recompression

In the decompression sequence from 30 GPa the DAC was
decompressed in small pressure steps; however, a Mössbauer
spectrum was first recorded when the pressure was as low as
�7 GPa. The QS is seen to be negative indicative of spins at an
angle y4551 to Vzz, see Fig. 6(b). This would be considered as an
approach toward the canted WF state, similar to hematite starting
material at ambient pressure in which Vzz?Bhf. However note that
RAE1 in the pressure transformed sample decompressed to
�7 GPa. This is similar to that at the highest pressure indicating
that spin alignment is still biased along the load axis, see Fig. 7.

Thus the spins remain aligned close to the load axis (gE401)
as it was at �30 GPa. According to the XRD decompression data
this is also the bias direction of the c-axis, as was the case at the
highest pressure. Yet the QS value has changed sign compared to
the high pressure value. This indicates that the angle y between
Bhf and Vzz undergoes some change compared to the highest
pressure situation. It is not due to a reorientation of Bhf, as the RA

value has not changed. The change in QS must rather be ascribed
to changes in the EFG (Vzz), that is, in the angular factor in Eq. (2)
as will be discussed further in the next section.

After decompression to ambient conditions, the anvils were
slightly separated from the gasketed sample cavity and the
sample left to relax for a few hours. Measurement of this sample
still compacted in the gasket cavity, yielded QS¼�0.21 mm/s
(and RA�2.1) typical of hematite starting materials at room
temperature where Bhf is at 901 to Vzz.
Following this recovery to ambient conditions, the sample was
recompressed and decompressed to ambient conditions in sub-
sequent sequences. Mössbauer spectra were recorded at each
pressure step and these are depicted in Fig. 8. However absorp-
tion areas are quite different from the case of randomly oriented
magnetic moments [4]. The ratio RA reverts to the value that
occurred at very high pressure in the pressure-induced transfor-
mation sequence, RA�1. This is indicative of magnetic moments
(Bhf) again aligned close to the load axis, g�401. We have not
performed pressure XRD studies on the recompressed sample.
The Mössbauer data (RA values) do seem to suggest that c-axis
preferred orientation along the load axis persists again in any
recompression experiments.
4. Discussion

4.1. Nature of the maghemite to hematite phase transformation

Our XRD pressure studies evidence lattice preferred orienta-
tion arising out of the maghemite-hematite transformation. It
confirms what has been seen (but not identified as such) recently
in pressure studies of a vacancy disordered maghemite starting
material [19]. It is perhaps important to note that when hematite
is pressurized as a starting material from the outset, this lattice
preferred orientation does not seem to occur even to the highest
pressures typical of our study [4,5,7]. This is then suggestive that
the lattice preferred orientation is linked to the maghemite-
hematite structural transformation, although it may also be
additionally driven by deviations from hydrostatic stress condi-
tions at these high pressures. Possible future experiments should
investigate the transformation when near ideal hydrostatic con-
ditions can be maintained at such elevated pressures, e.g., by
using a helium pressure transmitting medium.

The behavior of the maghemite-hematite transition may be
compared with the pressure transformation of Fe metal. This
undergoes an analogous cubic (bcc)-hexagonal (hcp) lattice
structural transformation and has been studied quite extensively
because of geophysical implications [34,35]. It has been shown
that the a-Fe develops preferred orientation under non-hydro-
static stress conditions [35]. The preferred orientation of the
a-phase is inherited by the e-phase (hcp) in accordance with
the Burgers orientation relationship. This is a relationship estab-
lished by Burgers [36], in which (1 1 0)bcc planes would become
(0 0 0 1)hex basal planes in a martensitic transformation, because
of the structural relationship between bcc and hcp lattices [35].
After the phase transition the e-phase displays a texture with the
c-axis oriented in a direction orthogonal to the load axis direction.
Upon further compression the c-axes rotate and become parallel
to the load axis.

In our case, the maghemite does not seem to show a high
degree of lattice preferred orientation up to the onset of the
structural transition during compression. At least it is not as
pronounced as what it is in the high pressure transformed
hematite. This is deduced from the relative line intensities of
both the XRD and Mössbauer spectra up to �13 GPa near the
onset of the phase transition, see figs. 1 and 5. These line
intensities (or absorption areas) evolve from RA values of �1.8
to �1.6 at the onset of the structural transition, compared with
RA�1 in the pressure transformed sample.

The texture in the pressure transformed hematite may arise from
a slip mechanism and a crystallographic plane inherited from the
maghemite, as in the bcc-hcp transition of Fe metal, according to a
Burgers orientation relationship [35]. Alternatively the transition may
be similar to the temperature induced maghemite-hematite transi-
tion which proceeds topotactically, meaning that it occurs by a
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restacking of various atomic planes rather than by wholesale recrys-
tallization and consequent nucleation and growth [37,38]. It is then
supposed that the high pressure phase forms in a crystallographic
orientation with the c-axis [0 0 0 1] unit cell direction (hexagonal
setting) developed along [1 1 1] directions of the cubic spinel unit cell
of the low pressure phase [38,39]. In this scenario under compression,
it may then be anticipated that c-axis alignment along the load axis
direction is favored.

4.2. Bulk modulus values

Turning to the mechanical properties of the phases, the bulk
modulus of the low and high pressure phases have been calcu-
lated by a least-squares fit of the pressure–volume data to a third
order Birch–Murnaghan equation of state. The resulting zero-
pressure bulk modulus is B0¼187(74) for maghemite and
B0¼268(714) GPa for hematite (combining decompression and
compression data sets), with an assumption of a pressure deriva-
tive B0

0 ¼4. The B0�187 GPa that we determined for g-Fe2O3 is in
good agreement with the values of 19076 GPa reported by Clark
et al. [3] and slightly lower of the values of 203710 GPa and
213710 reported by Jiang et al. [2] and Zhu et al. [19], respec-
tively. It seems to be systematically lower than all previously
reported B0 values, perhaps as a result of the vacancy ordered
superstructure. The B0�268 GPa of our high-density a-Fe2O3 is
somewhat higher than those of samples reported in the literature
[2,7], namely B0�230 GPa. Clark et al. report a value of 299
(730) GPa [3].

4.3. Decompression behavior

Upon decompression to �7 GPa the magnetic moments remain
pinned along the same angle to the load axis (�401) as at the highest
pressure. Recall that upon decompression the c-axis of the hexagonal
unit cell also shows preferred orientation along the load axis, see
Fig. 2. All of this is deduced from the relative intensities of the spectral
lines in both the Mössbauer and XRD data, which do not change from
the values at the highest pressure.

There is a need to understand the Mössbauer decompression
data at �7 GPa where the QS¼�0.13 mm/s has changed sign.
This must be due to the angular factor in Eq. (2), indicating that
Vzz is changing direction or there is a change from axial symmetry
(Z value affected) or both. Therefore upon decompression to
�7 GPa it is the EFG that is affected and not the Bhf orientation.
Assuming that axial asymmetry is retained (Z¼0), Eq. (2b), the
change in sign of the QS value is suggestive of Vzz becoming
orthogonal to Bhf. The negative value of the QS indicates that
y4551 at this low pressure, see Fig. 7.

This is likely due to a distortion of the FeO6 octahedron. A
detailed study of the compressional behavior of hematite pres-
surized as starting material [7], shows that such bond distortions
do occur in this material. It is anticipated that this is happening in
the decompression of highly textured hematite of this study. A
hint of this is found in the behavior of the c/a ratio plotted in
Fig. 3, which has a compelling indication of a discontinuous
change onset at �7 GPa of the decompression sequence.

Upon further decompression to ambient conditions the XRD
patterns show that the hematite crystallites remain highly tex-
tured as anticipated for a compacted material (with c-axis pre-
ferred orientation along the load axis), but the magnetic moments
swing further away from the load axis (to �551) as inferred from
the ratio RAE2, see Fig. 6(a). Thus from high pressure down to
ambient conditions the spin reorientation is only of the order of
151. Therefore moments cannot be in the basal plane of the
hexagonal unit cell if they were aligned close to the c-axis at the
highest pressure in the AF state as anticipated [31]. Recall that
this basal plane orientation is the case in hematite starting
material at ambient conditions. This is also what is interpreted
to be the case in pressurized hematite starting materials which
have been decompressed to ambient conditions [4]. In the
recovered sample, Fig. 7, the value QS¼�0.20 mm/s is suggestive
of the moments now being near orthogonal to Vzz. We have
already indicated that Vzz is not necessarily along the same
direction it was at high pressure (which was presumably along
the c-axis), as implied by the behavior of c/a in Fig. 3 which hints
at local structural distortions of the FeO6 octahedron.

4.4. Recompression behavior of pressure transformed hematite

Turning to the recompression experiments (Fig. 8) we see that
there is a change from RAE2 at or near ambient pressure to
RAE1 at �5 GPa in successive recompression–decompression
cycles. Presumably the sample is compacted and remains tex-
tured after the first decompression to ambient conditions. This
change in the RA ratio suggests a spin re-alignment of only 151
(with respect to the load axis), Fig. 6(a).

It appears that in the pressure transformed hematite the
known 901 spin reorientation of hematite starting material,
associated with the Morin transition, is inhibited over wide
decompression and recompression ranges. It is suggested that
this is due to retained residual strain in the pressure transformed
hematite as a result of, or in combination with, defects or crystal
imperfections in the material associated with the maghemite-
hematite inversion. Similar effects have been seen in shocked
hematite or as a function of nanophase grain size [40,41].
Although in those cases it is the WF canted state (basal plane
alignment) that is stabilised, in which TM is suppressed to lower
temperatures from �250 K in hematite starting material at
ambient conditions. This transition is very sensitive to crystal
imperfections because of how they change the magnetic aniso-
tropy energies that drive the Morin transition [39,41,42].
5. Conclusion

In the pressure transformed phase a high degree of lattice
preferred orientation is evident, in contrast to the low pressure
maghemite phase. There is crystallographic c-axis alignment and
an associated magnetic texturing of moments, biased in the
direction of the load axis. Decompression data from XRD evidence
deformation of the local atomic environment of the Fe atom. This
is expected to affect the direction of the maximum value of the
electric field gradient (EFG), normally assumed to always be
directed along the c-axis of the hexagonal unit cell.

Such a well textured hematite sample, likely arising out of the
topotactic structural transition allows us to obtain some informa-
tion on the pressure-response of the spin reorientation behavior.
Hematite pressurized as starting material at room temperature
shows spin reorientation from basal plane to near c-axis align-
ment occurring over a wide compression range, that is, spin
reorientation of �901 [4,21]. This corresponds to a rise in the
Morin temperature to above room temperature. It is presumed
that upon decompression the same re-alignment occurs (nearly
901 spin reorientation) but along a different pressure pathway.
The previous 57Fe MS study of maghemite pressure transformed
to hematite presumed the same scenario [4].

However, in this study we benefit more information from both
the crystallographic and magnetic texture effects revealed in the
XRD and MS patterns of the same sample. This shows that such a
complete spin reorientation does not seem to occur in the high
pressure transformed hematite when it is reverted back to
ambient conditions and when it is recompressed back to high
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pressures. Spin reorientation seems to be restricted to �151 and
changes of the MS parameters are rather suggestive of an
alteration of the direction of Vzz, due to local structural distortions
(of the FeO6 octahedron ).

A combination of effects of retained residual lattice strain and
crystal imperfections arise out of the pressure-induced structural
transformation. These are supposed to account for the strong out
of plane component of the spins in the hematite sample recovered
to ambient conditions. The residual lattice strain or crystal
imperfections, or both effects, possibly originate from the defec-
tive (vacancy ordered or disordered) cubic spinel low pressure
phase. In temperature transformed samples such vacancies will
diffuse out and play no further role. By contrast, under externally
applied stress it is conceivable that such remnant defects would
remain trapped within the lattice of the high pressure phase. They
affect spin reorientation behavior and possibly also the structural
pressure-response of the FeO6 octahedral environment, in com-
parison to defect-free hematite. The absence of superstructure
peaks in the XRD pattern of this pressure transformed hematite
suggests that these entrapped defects (vacancies) are disordered
within the corundum lattice.
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Q10Z01. doi:10.1029/2008GC002110.
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