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High-pressure structural behavior of a-Fe,0; studied by single-crystal X-ray diffraction
and synchrotron radiation up to 25 GPa
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ABSTRACT

In situ X-ray diffraction experiments were carried out at pressures up to 25 GPa on a synthetic
hematite (0-Fe,0;) crystal using synchrotron radiation in an angle-dispersive setup. Experiments
were performed in diamond-anvil cells using neon as a pressure-transmitting medium. Single-crystal
diffraction data were collected from omega scans and structural refinements were carried out for 10
pressure points. Bulk and linear incompressibilities were obtained from least-squares fits of refined
data to the Eulerian strain based Birch-Murnaghan equation of state. Finite strain analysis suggests a
truncation at second order, yielding results of K, =207(3), K,y = 751(17), and K, = 492(8) for bulk
and axial moduli, respectively. The a-axis is about 1.5 times stiffer than the c-axis. Compression of
the main structural feature, the FeOg octahedra, is quite uniform, with just slight changes of distortion

parameters at higher pressures.
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INTRODUCTION

The majority of transition metal sesquioxides (M,0;: M =
Al, Ti, V, Cr, Fe) adopt the corundum structure (space-group
symmetry R3c), forming compounds with great importance in
mineralogy and technology due to their electric and magnetic
properties. Among these, Fe,0; is particularly relevant to geosci-
ences and solid-state physics as it can be considered an archetype
Mott-insulator (Pasternak et al. 1999) and is antiferromagnetic
between the Morin temperature (260 K) and the Néel tempera-
ture (955 K). Considering that iron is one of the most abundant
elements in the Earth’s mantle, it is essential to understand in
detail the high-pressure as well as high-temperature behavior
of iron-bearing compounds as well as that of trivalent iron in
general. So far, numerous studies have been conducted on the
behavior of Fe,0; at P-T'ranges corresponding to mantle condi-
tions, focusing in particular on elucidating the nature of the phase
transition and of the controversially discussed high-pressure
phase of hematite (Shim et al. 2008; Ono et al. 2004; Ono and
Ohishi 2005; Liu et al. 2003; Badro et al. 2002; Rozenberg et
al. 2002; Pasternak et al. 1999; Olsen et al. 1991). Less attention
has been paid to the detailed structural evolution of the oi-phase
of Fe,0; (hematite). The existing compressibility studies have
been confined to powder diffraction (Rozenberg et al. 2002;
Liu et al. 2003) or to the low-pressure regime investigated by
single-crystal diffraction in DACs (Wilburn and Bassett 1978;
Finger and Hazen 1980; Sato and Akimoto 1979).
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Bulk and axial compressibilities have been reported by means
of XRD up to 60—70 GPa (Sato and Akimoto 1979; Olsen et al.
1991; Rozenberg et al. 2002; Liu et al. 2003). However, structural
high-pressure data were only included by Sato and Akimoto
(1979) and Rozenberg et al. (2002), both these studies having
been done on powders. Furthermore, it may be questioned if
the pressure media used, liquid argon or 4:1 methanol-ethanol
mixture, are actually appropriate for the investigated pressure
ranges, especially as powder samples respond more sensitively
to non-hydrostatic environments and thus generate local stresses.
Surprisingly, the only structural single-crystal data on o.-Fe,O; at
high pressure known to us are those of Finger and Hazen (1980),
which were restricted to 5.2 GPa.

The aim of this work is to study the structural evolution
of Fe,O; by means of single-crystal X-ray diffraction in the
quasi-hydrostatic pressure range of liquid neon, below the phase
transition to the Rh,Os-II type structure, which has been ad-
dressed in another paper (Dubrovinsky et al. 2010). The results
are discussed and compared to earlier single-crystal data and
powder-diffraction data.

EXPERIMENTAL METHODS

Single crystals of o.-Fe,0; used in this study were grown by slow oxidation of
pure (99.999%) iron at 1200 °C in a gas-mixing furnace following the procedure
given by Chase and Morse (1973). Pressure was generated using a diamond-anvil
cell with a half opening angle of 35°, diamond anvils with culet sizes of 300 pm,
tungsten carbide seats as backing plates and a rhenium gasket, preindented to 50
wm with an initial hole-diameter of 150 um. For high-pressure experiments, small
crystals of approximate dimensions 15 x 15 x 15 pm?® were selected and tested
for their quality using an Oxford Diffraction Xcalibur diffractometer. The chosen
sample was then placed in the pressure chamber together with ruby spheres as
pressure sensor. Neon was loaded at 1.4 kbar as pressure-transmitting medium to
provide quasi-hydrostaticity throughout the pressure range investigated.
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High-pressure angle-dispersive single-crystal X-ray diffraction was performed
at ID09a of the European Synchrotron Radiation Facility (ESRF). Diffraction data
were collected at a wavelength of 0.4153 A (29.85 keV) in two-thirds bunch mode
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(maximum current of 200 mA) and a beam size of roughly 10 x 10 um? to avoid 0.99 y ]
gasket shadowing. The crystal-to-detector distance was set to 397.934 mm. Pressure
was calculated from the R, laser-line fluorescence line of ruby spheres (Mao et 0.98 . e B
al. 1986) and cross checked with diffraction rings of solid neon (Fei et al. 2007); & +’“~._~~‘O X
pressures were measured before and after each single-crystal data collection. Data 097l \\“o e o |
aquisition was conducted by scanning in omega from -30 to 30° at a step size of & ' ) .
0.5° and an exposure time of 2 s/frame. Intensities were collected on a MARS5S ;C, ala, “Re © 1o
flatpanel detector with an active area of 430 x 350 mm. Data were then processed ~ ® 0-961~ ¢ This study o + 1
with the CrysAlis software (Oxford Diffraction 2006) and crystal structures were O Liuetal. powder
refined in SHELX-97 (Sheldrick 2008) using the WinGX program system (Farrugia 0o5k Finger and Hazen single crystal ° |
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and isotropic displacement parameters were based on 41 to 47
unique reflections (with /> 40) obtained after data processing.
This gives an average of 10 observations per observed parameter, 3
resulting in satisfactory R1 values of roughly 4%, where R1 is r
defined as R1 = | |F,| — |F| |/Z|F,|. Values of lattice param- 0.951
eters as well as atom positions are given in Table 1. Figure la
demonstrates the elastic anisotropy of hematite, comprised of
a softer c-axis. The present results are in very good agreement r
with earlier single-crystal data (Finger and Hazen 1980). How- 090 © 7
ever, there is a pronounced discrepancy with existing powder o

data, most noticeable for the a-axis and especially in data by
Rozenberg et al. (2002), a being much stiffer in their case. The 3 X 1
same holds for the normalized volumes (Fig. 1b). Finger and 085
Hazen’s (1980) results are in perfect agreement with our data
while there is deviation in powder data, especially at pressures 0 10 20 30 40 50

¢ this study

© Liuetal. 2003 powder

v Finger and Hazen 1980 single crystal
Rozenberg et al. 2002 powder 1

VI,

greater than 20 GPa (considering an extrapolation of the present
findings), where most pressure media start to generate non-
uniform stress fields and pressure gradients within the sample.
Bulk and linear incompressibilities were extracted from fitting
a third-order Birch-Murnaghan equation of state (Birch 1947)
to high-pressure data

Pressure (GPa)

FIGURE 1. Normalized lattice parameters (a) unit-cell volume (b)
as function of pressure. The solid line represents a fit of a second-order
Birch-Murnaghan equation of state (see text for details) to the data
points determined in this study. Present results agree well with earlier
single-crystal data. The e.s.d. values of lattice parameters and pressure (as

determined by ruby fluorescence as well as from solid neon diffraction)

1+ é( K'-4)f, + are smaller than symbols if not indicated otherwise. (Color online.)
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copy visit the MSA web site at http://www.minsocam.org, go to the American
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wanted, and then click on the deposit link there.
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where P, K, and K’ are pressure, isothermal bulk modulus, and
the pressure derivative of K, respectively, and the Eulerian strain
frequals [(V/V,)¥3 — 1]/2. Throughout the following text, K’ will

TaBLE 1. Refined structural parameters of a-Fe,0; at various pressures

Pressure (GPa) a(A) c(A) V(A3 Zre Xo R1 (%)
1e-05 5.0354(17) 13.7477(48) 301.88(2) 0.3552(1) 0.3059(5) 3.79
2.8(2) 5.0160(1) 13.6851(7) 298.19(2) 0.3553(1) 0.3074(8) 2.73
7.1(2) 4.9849(2) 13.5721(8) 292.07(1) 0.3556(1) 0.3074(10) 4.74
9.5(1) 4.9702(3) 13.518(1) 289.24(4) 0.3555(1) 0.3064(9) 2.28
11.9(2) 4.9583(4) 13.475(2) 286.89(5) 0.3555(1) 0.3085(8) 4.23
12.1(2) 4.9571(4) 13.472(2) 286.69(5) 0.3556(1) 0.3068(10) 4.31
14.8(3) 4.9456(4) 13.409(2) 284.03(6) 0.3556(1) 0.3064(10) 2.25
18.2(1) 4.9268(7) 13.338(4) 280.4(1) 0.3559(1) 0.3073(13) 4.05
22.7(2) 4.9116(15) 13.261(8) 277.1(2) 0.3561(3) 0.3067(18) 4.56
25.3(3) 4.8943(15) 13.199(8) 273.8(2) 0.3559(2) 0.3063(13) 4.83
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refer explicitly to the derivative of the zero-pressure value of the
bulk modulus, K. To estimate the importance of higher order
terms and judge the correctness of truncation of the equation of
state at a given order, we plotted normalized stress F; against
Eulerian strain f in finite strain analysis (Angel 2000), where
F:is defined as P/3fz(1 + 2f;)*2. Here the slope of a linear fit is
equal to 3K(K' —4)/2; assessment of this plot (Fig. 2) suggests
that it is still reasonable to truncate at second order and thus fix-
ing K’ to 4, as was done in most previous studies. Nevertheless
it is justifiable to free K’ in least squares, as the slope gives a
value of K" = 4.5. Fits were thus performed both for a truncation
at second as well as at third order, the extracted bulk and axial
moduli are shown in Table 2. We obtain a K, of 207(3) GPa for
a weighted fit with fixed K. This is in excellent agreement with
previously published XRD and ultrasonic data shown in Table 2.
Parameters given by Finger and Hazen (1980) are slightly higher,
which may be owed to the restricted pressure range of their
studies, but the pressure dependence of their single-crystal data
are in good agreement with ours (Figs. la and 1b). Rozenberg
et al. (2002) observed a zero-pressure bulk modulus, which is
significantly higher, also reflected in the less pronounced slope
of'the equation of state through their data (Fig. 1b). Their volume
data show a strange increase in bulk modulus followed by an
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FIGURE 2. Normalized pressure as function of Eulerian strain in the
F-fplot of Fe,O; of this study. The solid line is a linear fit showing just
a very minor slope. The scattering of data points may be explained by
inexact repositioning of the DAC after pressure cycling.
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enhanced compressibility at pressures greater than 20 GPa where
the mentioned quasi-hydrostatic regime of Ar pressure medium is
obviously exceeded. Enhanced compressibility may also be due
to the onset of the phase transition to the high-pressure phase of
Fe,0;, designated HP2. In determining equations of state, one
must take special care to avoid including instabilities such as aris-
ing from softening or distortion of individual lattice parameters.
This may bias the results obtained, and different approaches are
required to include additional terms, which account for structural
evolution throughout the transition (Troster et al. 2002).

For a weighted fit to a third-order Birch-Murnaghan equation
of state we obtain a slightly lower K, of 199(8) and a K’ of 5.3(9).
On one hand this value of K’ confirms the inspection of the finite
strain analysis, which suggested a value of 4.5 This indicates that
the pressure derivative of the bulk modulus may be larger than
4. The same trend was observed by Liu et al. (2003, see Table
2). However, e.s.d. values do increase when truncating at third
order. Data scattering may be caused by inexact repositioning
of the DAC along the beam after pressure cycling. This results
in larger standard deviations due to strong correlation during
least-squares fitting. Furthermore, this increase is particularly
pronounced for the axial elastic moduli. Assuming K' = 4 the
fits to our data yield a K,y of 751(17) GPa and a K, 492(8) GPa,
which is close to Liu et al. (2003, Table 2). The c-axis obtained
from the present results seems to be slightly stiffer than theirs
though, the elastic anisotropy here reflected in ¢ being 1.5 times
more compressible than a. Expanding the equation of state to
third-order results in a much lesser goodness of fit, leading to
the conclusion that a second-order truncation is most likely
more appropriate.

Structural change with pressure

The elastic anisotropy of 65% results in the decrease of the
c/a ratio with pressure. The trigonal corundum-type structure
can be described by two structural parameters, namely the two
atom positions not constrained by site symmetry, zi. and xo. The
structure consists of distorted hexagonal close packing (HCP)
of oxygen ions with Fe atoms occupying two-thirds of the
octahedral cavities. FeOg octahedra form layers perpendicular
to the HCP packing direction, ¢: the unit cell is six layers high.
Intra-layer connectivity is established by sharing three common
edges, while octahedra from adjacent layers are connected via
shared faces in (0001), resulting in Fe,O,-dimers along [0001].

The atomic parameters from refinements of the hematite
single-crystal of this study are given in Table 1. Atomic positions
remain essentially constant throughout the reported pressure

TABLE 2. Isothermal bulk moduli K, and axial incompressibilities K, of a-Fe,0s, as extracted from fitting a Birch-Murnaghan equation of state
to high-pressure data

K, (GPa) K Kao K, Ko K.’ Pressure range (GPa) Reference

207(3) 4.0 751(17) 4.0 492(8) 4.0 P<253 This study

199(8) 53 628(39) 8.4(1.2) 510(19) 3.6(0.7) P<253 This study

206(5) 4.0 750(18) 4.0 456(21) 4.0 P<50 Liu et al. (2003)

202(4) 4.3(0.3) P <50 Liu et al. (2003)

258(6) 4.0 P<76 Rozenberg et al. (2002)

225(5) 4.0 P<5 Finger and Hazen (1980)

231 4.0 P<3 Sato and Akimoto (1979)

178 4.0 P>3 Sato and Akimoto (1979)

199(6) 4.0 P<11.5 Wilburn and Bassett (1978)

202.7 4.0 ultrasonic Liebermann and Schreiber (1968)

Note: Pressure derivatives K’ not fixed to 4.0 (rows 2 and 4) are given for a truncation at third order, no axial data were reported by Liu et al. (2003).
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range in accordance with most previous studies and thus follow
the same trend as other isostructural M,O; compounds, not ap-
proaching the ideal HCP lattice. Only Rozenberg et al. (2002)
reported a significant increase up to 50 GPa for x,. Standard
deviations of oxygen atom positions are of course slightly higher
than those of the position occupied by the heavier iron atom, and
increase with pressure as R1 does likewise. The c/a ratio, which
is 2.833 for an ideal HCP corundum-type structure decreases
with pressure as has been observed consistently by all previous
studies and may induce modifications in the electronic structure
of'the cation, leading to potential electronic or structural instabili-
ties as is the case for other sesquioxides (Cox 1992). This also
may be the origin of the insulator-metal-transition in hematite
at pressures of approximately 50 GPa (Pasternak et al. 1999).

Due to the Coulomb repulsion arising from Fe---Fe interac-
tion along the [0001] direction across the shared face of the
octahedral dimer unit, the three Fe-O bonds to the shared face of
the octahedron [denoted Fe-O(F) here] are considerably longer
(2.8926 A at 1 bar) than those to the unshared face [= Fe-O(E):
2.1155 A]. This leads to a distortion of the polyhedron as well
as a significantly smaller O-Fe-O angle (78° vs. 102°) on the
face-sharing side. There exist various parameters, which describe
polyhedral distortions (Bali¢-Zuni¢ 2007; Hazen 1988). Here we
report Dg..0, which is a measure for the degree of distortion of
the octahedron, as well as the bond angle variance A6,

AB=(0,-6,7 /n—1
j=1

Dy = (dFe-O(F) / dFe-O(E) -1

where 6, is the observed angle O-M-O between central atom and
ligands and 6; is the ideal angle for the respective polyhedron,
90° for FeOg, n is the coordination number. dr..o) 1S the bond
distance between iron and oxygen atoms from shared faces (top
plane), dr..o the distance to oxygen atoms from shared edges
(basal plane). In our sample, there is a nearly linear decrease of
the mean interatomic distances (Fig. 3). The pressure dependency
of Fe-O and Fe-Fe distances is given in Figures 4a and 4b, and
values are reported in Table 3. The plots presented in Figures
4a and 4b suggest a slight deviation from linearity at pressures
between 3 and 9 GPa. However, data coverage is not dense
enough to allow for any conclusions concerning this. Linear
compressibilities were determined from linear least-squares fit-
ting using the relationship BR;; = —1/Rj, x dR;/dP, slopes dR;/
dP. Bonds Fe-O(F) and Fe-O(E) show very similar compress-
ibilities within the observed pressure range of 0.00131(15) for
Fe-O(F) and 0.00126(9) GPa! for Fe-O(E) bonds. A virtual
compressibility of inter- and intra-layer Fe-Fe distances was also
calculated resulting in 0.001194(18) for intra-layer Fe-Fe(E) and
0.001406(8) GPa™ for distances between iron atoms of adjacent
face-sharing octahedral Fe-Fe(F) in direction [000/]. This leads
to a slight increase in degree of Fe-Fe bond distortion, whereas
there is virtually no change for Fe-O bonding, which is contradic-
tory to Rozenberg et al. (2002) but in good agreement with data
published by Finger and Hazen (1980), though their pressure
range (P < 5 GPa) investigated does not unambiguously allow
for any conclusions (Fig. 5). As Fe-Fe distances seem to decrease
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FIGURE 3. Representative mean interatomic distances as function
of pressure: mean distances between the central iron atom and oxygen
ligands in octahedral environment (bottom); mean iron-iron distances
between adjacent octahedra (intra- and interplanar, see text). (Color
online.)

quicker between face-shared octahedral then face-sharing Fe-
O(F) bonds, the O-Fe-O angle (cis-position) for oxygen atoms
belonging to octahedral faces lying in (000/) must increase with
pressure to allow the Fe' ions to get closer to each other in this
direction, which is the case, as it is also for the angle to oxygen
atoms lying in the basal plane. At the same time the remaining
angles having their angle bisector in the (000/) plane, as well as
the O-Fe-O angle between trans-ligands, decrease (Table 3). Due
to this compensation between decreasing and increasing angles
the octahedral angle variance AB remains basically constant. This
again is in contradiction to the earlier structural data (Fig. 6).
The cause for Fe-Fe distances decreasing in a more substantial
way between face-sharing octahedra than the lateral Fe-Fe dis-
tance within the layer, is probably the intra-planar high packing
density (000/), this two-dimensional framework makes the whole
structure more stable in this direction. This also accounts for the
high rigidity of M,0; compounds, the c-axis is supported by
Coulomb repulsion of face-sharing of octahedral dimers, while
the a-axis is stabilized by HCP layers of oxygen atoms. So, on
compression there are two competing repulsive mechanisms.
High atomic denstity in (000/) seems to be the more significant
opposing force, resulting in breakdown of electron correlation
as reported elsewhere (Pasternak et al. 1999; Rozenberg et al.
2002; Shim et al. 2008 and references therein). To clarify this
point, O-O bonds were examined as well regarding their bond
distance as a function of pressure. Bonds with their vectors
perpendicular to ¢, namely those in the top and basal planes of
the octahedron, are significantly less compressible, with mean
compressibilities of 0.00110(15) GPa™!, than those belonging
to shared edges and vertices, with 0.00138(14) GPa™'. This, of
course, again reflects the softer c-axis. Bonds within the top and
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FIGURE 4. Evolution of iron-oxygen distances with pressure shown in a. Distances from central iron atom to oxygen atoms belonging to shared

faces are denoted Fe-O(F). Evolution of iron-iron distances with pressure (b). Distances Fe-Fe(F) (top) correspond to face-sharing octahedra,
distances Fe-Fe(E) (bottom) correspond to iron-iron distances between octahedra within the same (000/)-plane (see text for details). e.s.d. values
are smaller than symbols if not indicated otherwise (see text for details). (Color online.)

TABLE3. Bond distances (A), volumes (A3), and O-Fe-O angles of FeO, octahedra of hematite at different pressures
P (GPa) 0.0001 2.8 7.1 9.5 121 14.8 18.2 22.7 253
Fe-O(F) 2.113(2) 2.111(2) 2.098(4) 2.086(2) 2.082(3) 2.074(3) 2.070(4) 2.061(5) 2.052(6)
Fe-O(E) 1.945(2) 1.933(1) 1.918(3) 1.915(1) 1.909(2) 1.904(2) 1.899(3) 1.886(3) 1.881(2)
<Fe-O> 2.029(2) 2.022(2) 2.008(4) 2.001(2) 1.996(3) 1.989(3) 1.985(4) 1.974(4) 1.967(4)
Fe-Fe(F) 2.893(2) 2.883(3) 2.867(5) 2.851(3) 2.844(4) 2.832(4) 2.816(5) 2.807(6) 2.795(8)
Fe-Fe(E) 2.969(1) 2.958(1) 2.941(1) 2.931(6) 2.924(1) 2.918(1) 2.906(1) 2.898(2) 2.888(2)
<Fe—Fe>ﬂ 2.931(1) 2.921(2) 2.904(3) 2.891(5) 2.884(2) 2.875(2) 2.861(3) 2.853(3) 2.842(3)
V FeOq (A3) 10.74(2) 10.63(1) 10.40(1) 10.30(1) 10.21(1) 10.11(1) 10.00(1) 9.85(2) 9.75(2)
O-Fe-O? 78.28(9) 78.49(9) 78.44(16) 78.42(10) 78.48(13) 78.51(11) 78.46(16) 78.71(22) 78.62(25)
O-Fe-O° 102.54(5) 102.53(5) 102.71(9) 102.73(5) 102.76(8) 102.86(7) 102.92(9) 103.1(1) 103.12(9)
O-Fe-O¢ 86.04(3) 86.07(3) 85.95(5) 85.9(3) 85.87(4) 85.77(5) 85.68(5) 85.62(8) 85.54(7)
O-Fe-0¢ 90.50(6) 90.30(6) 90.2(1) 90.28(6) 90.21(9) 90.16(8) 90.2(1) 89.9(1) 89.96(1)
0O-Fe-Of 162.24(9) 162.4(1) 162.3(9) 162.2(1) 162.2(1) 162.1(1) 162.0(2) 162.1(2) 161.9(3)
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FIGURE 5. Degree of octahedral distortion (see text for details) as
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FIGURE 6. Octahedral angle variance as a function of pressure (see

function of pressure. Virtually no change with pressure points to a rather
uniform compression of FeOy octahedra. (Color online.)
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basal planes actually show hardly any difference at all regard-
ing their elastic behavior BRo.or = 0.00101(12) vs. BRoor =
0.00119(16), which is surprising since one would assume, from
rigid body theory, that a shared face is far less compressible
than an unshared one. The overall stability of the HCP planes
seems to dominate the enhanced stiffness of a here. This result
strongly contradicts data from Rozenberg et al. (2002). In their
observation, the octahedron is virtually flattened in ¢ direction,
with triangular areas of shared faces and thus O-O(F) bonds in
fact getting larger with pressure, resulting in a larger face area
than the basal plane (unshared), as if O-O bonds in shared faces
were to break up. This may be a strong indication of uniaxial
stress and non-hydrostatic stress in powder experiments. The
present study suggests a uniform compression of the octahedron
with respect to the investigated pressure range up to 25.3 GPa,
based on hardly existent changes in distortion parameters.

This point is emphasized by the determined octahedral bulk
modulus of FeOy calculated from values given in Table 3, which
is virtually the same as for the bulk structure with K., =4 and
Kreogo = 204(9). This indicates a quite uniform compression
mechanism, considering that there is basically no difference
within errors between bulk and polyhedral incompressibilities.
Compressibility of iron-oxygen octahedra in hematite compares
well with that of FeOg octahedra in GdFeO; (Ross et al. 2004),
which do not share faces and have a polyhedral bulk modulus of
188(10). However, it is considerably higher than that of FeTiO;
and CaFeSi,0q, reported values being 140(10) (Wechsler and
Prewitt 1984) and 149(4) (Zhang et al. 1997), respectively, but
lower than the FeOy-polyhedral bulk modulus of the amorphous
phase of garnet Y;Fe;O,, with 260(15) (Gavriliuk et al. 2006).
Differences are mainly due to varying mean Fe-O distances as
well as connectivities of octahedra.
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