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a b s t r a c t

X-ray diffraction and Mössbauer spectroscopy were employed to investigate structural stability of

Fe2TiO4 under high pressure. Measurements were performed up to about 24 GPa at room temperature

using diamond anvil cell. Experimental results demonstrate that Fe2TiO4 undergoes a series of phase

transitions from cubic (Fd3̄m) to tetragonal (I41/amd) at 8.7 GPa, and then to orthorhombic structure

(Cmcm) at 16.0 GPa. The high-pressure phase (Cmcm) of Fe2TiO4 is kept on decompression to ambient

pressure. In all polymorphs of Fe2TiO4, iron cations present a high-spin ferrous property without

electric charge exchange with titanium cations at high pressure supported by Mössbauer evidences.

& 2011 Elsevier Inc. All rights reserved.
1. Introduction

The solid solutions Fe2þ
1þxFe3þ

2�2xTixO4 (0rxr1) known as
titanomagnetite are important minerals in nature because they
are essential carriers of the magnetic signals in rocks, and
material science due to diverse magnetic, electrical, and thermo-
dynamic properties. All these properties depend on the concen-
tration and distribution of Fe and Ti among sites of different
symmetries in the structure. Therefore, many investigations have
been carried out on crystal structure and cations distributions of
titanomagnetites [1–8]. Titanomagnetites have a spinel-type
structure, whose unit cell is faced-centered cubic (space group
Fd3̄m and Z¼8). Previous studies show that titanomagnetites can
be described in three models as follows:

Akimoto model [8]

T(Fe3þ
1�xFe2þ

x )O(Fe2þFe3þ
1�xTix)O4 (0rxr1.0) (1)

Néel–Chevallier model [9,10]:

T(Fe3þ)O(Fe2þ
1þxFe3þ

1�2xTix)O4 (0rxr0.5) and
T(Fe3þ

2�2xFe2þ
2x�1)O(Fe2þ

2�xTix)O4 (0.5rxr1.0) (2)

O’Reilly and Banerjee model [2]:

T(Fe3þ)O(Fe2þ
1þxFe3þ

1�2xTix)O4 (0rxr0.2),T(Fe3þ
1.2�xFe2þ

x�0.2)
O(Fe2þ

1.2 Fe3þ
0.8�xTix)O4 (0.2rxr0.8) and

T(Fe3þ
2�2xFe2þ

2x�1)O(Fe2þ
2�xTix)O4 (0.8rxr1.0), (3)
ll rights reserved.
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where T and O denote tetrahedral and octahedral sites, respec-
tively. Deviations from this model can be explained by an electron
exchange reaction:

TFe2þ
þ

OFe3þ-TFe3þ
þ

OFe2þ (4)

which causes OFe2þa1 and TFe2þ/Tia1 [1].

In relation to the composition effect, the end-member compo-
nents—Fe3O4 and Fe2TiO4 are focused on the crystal chemistry and
physical property at various external conditions, such as tempera-
ture, pressure, and magnetic field. A high-pressure Fe3O4 phase
(h-Fe3O4) is reported with CaMn2O4-type structure (Pbcm) at about
24 GPa and 823 K [11]. However, the CaTi2O4-type (Bbmm) phase
is proposed for the h-Fe3O4 which presents metallic in the later
studies [12]. For Fe2TiO4, phase transition from cubic (Fd3̄m) to
tetragonal (I41/amd) occurs below the Curie temperature TC (TC¼

142 K) studied by magnetism measurement and neutron diffrac-
tion [13]. Under high pressure, cubic phase of Fe2TiO4 transforms
into tetragonal phase (I41/amd) at 9 GPa, and then into post-spinel
phase (Cmcm) at 12 GPa [14]. In addition, cations distributions of
Fe2TiO4 at various temperatures have been investigated using
Mössbauer spectroscopy (MS) by Schmidbauer [15], whose results
show that Fe2þ cations in O sites are replaced by Fe3þ cations and
cation vacancies at low temperature according to the formula:

3Fe2þ-2Fe3þ
þ&(&¼vacancy) (5)

To our best knowledge, no literatures have been published
about the valance state and spin state of iron ions, cations
distributions in O and T sites of Fe2TiO4 under high pressure.
Consequently, our works aim to explore the structural stability
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and iron electron configuration of Fe2TiO4 at high pressure by
synchrotron radiation X-ray diffraction (XRD) and MS combined
with diamond anvil cell (DAC).
Fig. 1. Selected XRD patterns of Fe2TiO4 during compression (a–e) and at ambient

pressure following decompression (f). Backgrounds were subtracted from the

original data and all data were normalized. Diffraction peaks of Fe2TiO4 poly-

morphs are marked by symbol n for cubic spinel, J for tetragonal spinel, ~ for

orthorhombic postspinel, while symbol K represents those of LiF.
2. Experiments

The Fe2TiO4 ulvöspinel sample was synthesized by standard
solid-state reaction. Stoichiometric amounts of 56Fe2O3 (99.998%),
57Fe2O3 (95%) and TiO2 (99.998%) (mole ratios, 0.34:0.66:1) were
mixed and ground together with ethanol in an agate mortar. The
mixtures were compressed into pellets with a diameter of 3 mm.
These pellets were heated in an open Pt capsule at 1300 1C for
24 h in CO–CO2 gas mixtures corresponding to oxygen fugacity
(fO2¼10�11), and then quenched to ambient conditions. The
product was examined ex situ by the JEOL JXA-8200 electron
microprobe with an accelerating voltage of 15 kV and a beam
current of 15 nA. The sample was also characterized using XRD,
which confirmed a single phase (Fd3̄m) without any impurities.
Four-pin modified Merrill–Bassett type DAC was applied in high-
pressure experiments. For XRD experiments, the sizes of culets
were diameters of 300 mm; a 120 mm—diameter hole was drilled
in the pre-indented 50 mm stainless steel T301 gasket; LiF was used
as pressure-transmitting medium and pressure calibration [16].
While for MS experiments, the diamond culets were the diameter
of 500 mm; the sample chamber was a 250 mm—diameter hole with
the 50 mm height in Re gasket; pressure-transmitting medium was
Ne; ruby was used as pressure calibration [17].

XRD data were collected at the Shanghai Synchrotron Radia-
tion Facility (SSRF, Shanghai, China) on beam line 15U, with a
focused monochromatic beam (l¼0.6889 Å, beam size
5�10 mm2) and a Mar CCD detector. The distance from detector
to sample was about 168 mm, and collection time of each pattern
was 20 s. In order to obtain conventional one-dimensional dif-
fraction spectra, the two-dimensional images of the CCD camera
were integrated using the Fit2D program. In situ 57Fe MS of
Fe2TiO4 at high pressure were measured in a transmission mode
on a constant acceleration Mössbauer spectrometer using a high
specific activity 57Co point source in a Rh matrix. The velocity
scale was calibrated relative to a 25 mm-thick a-Fe foil. Collection
time for each spectrum was about 10 h. MS spectra were fitted to
Lorentzian line shapes using a least-square fitting program
NORMOS-90 written by R. A. Brand (distributed by Wissenschaf-
tliche Elektronik GmbH, Germany), where equal intensities of the
quadrupole components were assumed in the fitting procedure.
3. Results and discussion

The XRD study was performed up to about 24 GPa at room
temperature. And then the pressure was relaxed to ambient
pressure. Fig. 1 shows several typical XRD patterns along with
compression (a–e) and decompression (e and f). At ambient
pressure, all diffraction peaks can be indexed to Fe2TiO4 (Fd3̄m)
and LiF (Fm3m). At 8.7 GPa, the (220) peak of Fe2TiO4 was splitted
into two peaks (Fig. 1b), which became more obvious with
increasing pressure, such as at 14.7 GPa (Fig. 1c). The appearance
of new peaks in Fig. 1b and c demonstrate that Fe2TiO4 undergoes
a phase transition, where the high-pressure phase was assigned
to tetragonal phase (I41/amd). At about 16 GPa, diffraction peaks
of tetragonal phase disappeared such as the double peaks around
2y of 13.51, and at the same time, some new peaks emerged,
seen one typical pattern Fig. 1d. The new phase is the post-spinel
phase with CaTi2O4-type structure (Cmcm). The phase-transition
sequence of Fe2TiO4 observed here is consistent with that of
previous study [14]. On decompression from 24 GPa to
0.0001 GPa (Fig. 1e and f), the post-spinel phase is kept with a
metastable property at ambient conditions.

Crystal structures of the above three polymorphs of Fe2TiO4

are illustrated in previous work [14]. The ideal cubic ulvöspinel is
based on a cubic-close-packed oxygen lattice with Fe and Ti
occupying one-eighth of the available T sites and one-second of
the available O sites; half of Fe2þ cations and all Ti4þ cations
occupy O sites and remaining Fe2þ cations occupy T sites.
In tetragonal phase, cations occupy the same sites with cubic
phase; [FeO6] or [TiO6] octahedrons have a small distortion. In
orthorhombic phase, there are two different cation sites, where
half of Fe2þ cations and all Ti4þ occupy O sites and the rest Fe2þ

is located in a new sixfold-coordinated site described as asym-
metric trigonal prism (marked as TP).

In situ high pressure MS data were collected up to 19.6 GPa.
Twelve spectra were collected with increasing pressure. Several
typical spectra are shown in Fig. 2. All spectra can be fitted using
two doublets attributed to Fe2þ components without any Fe3þ

component. Previous studies adapted a fitting model with
four quadrupole doublets due to variable next-nearest cation
distributions at the resonance nuclei [18]. For our work, using
fitting models with four doublets resulted in considerably poorer
fits, so we neglected the next-nearest cation effect. In cubic
and tetragonal phases, one doublet with large quadrupole split-
ting DEQ we assign as O(Fe2þ); the other we assign as T(Fe2þ)
(Fig. 2a–c), and in orthorhombic phase, O(Fe2þ) is the doublet
with large DEQ and TP(Fe2þ) is the other one with small DEQ

(Fig. 2d). During the whole pressure range, the Fe2þ is in high-
spin state. All Fe2þ hyperfine parameters (isomer shift d, DEQ and
the full width at half maximum G) of Fe2TiO4 at various pressures
are listed in Table 1 and plotted in Fig. 3 for comparison.

For O(Fe2þ) component and T(Fe2þ) component of cubic phase
Fe2TiO4 at 1.3 GPa, the isomer shift d are 0.867 mm/s and
0.898 mm/s, respectively, which are consistent with that of the
previous studies at ambient conditions (d¼1.0 mm/s) [18]. Both d
of O(Fe2þ), T(Fe2þ) and TP(Fe2þ) decrease with increasing pressure
(Fig. 3a). For the same source, d can be described as d¼a
(r(0)—c), where a is the calibration constant with minus value;
r(0) and c stand for the s electron charge densities at the nuclei in
the absorber and the source, respectively, and c is a constant.



Fig. 2. Typical 57Fe Mössbauer spectra of Fe2TiO4 at high pressure. The asterisks

show experimental data. The red line is the superposition of the two quadrupole

doublets; the blue line for O(Fe2þ); the green line for T(Fe2þ) and cyan line for
TP(Fe2þ). (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)

Table 1
Fe2þ hyperfine parameters in Fe2TiO4 at various pressures.a

P (GPa) O(Fe2þ) T(Fe2þ)/TP(Fe2þ)

d
(mm/s)

DEQ

(mm/s)

G
(mm/s)

d
(mm/s)

DEQ

(mm/s)

G
(mm/s)

1.3 0.867(08) 2.14(4) 0.49(5) 0.898(17) 1.44(9) 0.54(8)

2.5 0.853(09) 2.18(3) 0.35(6) 0.855(13) 1.53(8) 0.58(6)

3.7 0.846(11) 2.11(3) 0.45(4) 0.831(12) 1.36(7) 0.49(8)

4.7 0.848(08) 2.22(3) 0.37(6) 0.838(12) 1.58(8) 0.64(6)

6.5 0.825(10) 2.22(3) 0.29(7) 0.816(11) 1.66(8) 0.66(5)

8.6 0.806(04) 2.16(1) 0.39(2) 0.810(03) 1.53(4) 0.61(3)

10.3 0.785(06) 2.19(2) 0.36(4) 0.810(08) 1.62(6) 0.61(4)

11.8 0.782(04) 2.18(2) 0.39(3) 0.795(07) 1.56(5) 0.61(3)

13.6 0.756(05) 2.13(2) 0.38(3) 0.779(09) 1.55(7) 0.60(5)

15.4 0.743(06) 2.08(3) 0.42(5) 0.771(13) 1.48(8) 0.60(6)

17.2 0.737(06) 2.02(4) 0.47(4) 0.748(12) 1.38(9) 0.59(7)

19.6 0.736(10) 1.91(4) 0.60(5) 0.651(21) 1.19(7) 0.54(8)

a Numbers in parentheses represent errors in the last digit.

Fig. 3. Isomer shift (d) and quadrupole splitting (DEQ) of O(Fe2þ), T(Fe2þ) and
TP(Fe2þ) as a function of pressure marked as (a) and (b), respectively. Solid square,

circle and triangle represent O(Fe2þ), T(Fe2þ) and TP(Fe2þ), respectively. Inset in

(b): blue [FeO6] octahedron, lavender [FeO4] tetrahedron and [FeO6] trigonal

prism, central atom is Fe atom and red ball is O atom. (For interpretation of the

references to color in this figure legend, the reader is referred to the web version of

this article.).

Y. Wu et al. / Journal of Solid State Chemistry 185 (2012) 72–7574
Pressure leads to compression of s orbit, and s electron charge
density increases. Consequently, d decrease with increasing
pressure.

Quadrupole splitting of O(Fe2þ) is larger than that of T(Fe2þ)
and TP(Fe2þ) (Fig. 3b), because a larger coordination number
leads to a higher quadrupole splitting. DEQ in O sites increases
with octahedron distortions from cubic phase to tetragonal
phase (from 2.14 mm/s to 2.22 mm/s), and then decreases from
tetragonal phase to orthorhombic phase (from 2.22 mm/s to
1.91 mm/s). The quadrupole splitting for high spin Fe2þ in
octahedral coordination could be DEQ¼DEQ(0)a2F(D1, D2, l0, a2,
T), where DEQ(0) is the maximum possible value of the quadru-
pole splitting, F is the reduction function whose value is given by
perturbation theory, D1 and D2 are the two lowest splitting of the
crystal-field levels, a2 is a covalence factor, l0 is a spin–orbit
coupling constant, and T is the absolute temperature [19]. The
roles of a2 and l0 on the quadrupole splitting are neglected for
simplicity. Thus, DEQ is described to be DEQ (0)F(D1, D2, T). In
general, the values of D1 and D2 can be used to express the
octahedral distortion. Ingalls demonstrated that the quadrupole
splitting increases very rapidly with increasing octahedral distor-
tion at small distortion, and reaching a maximum [19]. For a
larger octahedral distortion from tetragonal to orthorhombic, DEQ

of O(Fe2þ) decreases with increasing octahedral distortion. Fig. 3b
presents that the tendency of DEQ for O(Fe2þ) coincides with
Ingalls’ result [19]. As for T(Fe2þ) and TP(Fe2þ), DEQ decreases
with increasing distortions of coordination polyhedron. DEQ

of T(Fe2þ) changes a little from cubic to tetragonal structure
as both of their coordination polyhedrons are tetrahedrons (DEQ¼

1.44 mm/s at 1.3 GPa and DEQ¼1.48 mm/s at 15.4 GPa). DEQ of
TP(Fe2þ) decreases with pressure increasing. Besides coordination
number, DEQ is relative to symmetry of polyhedron. Quadrupole
splitting decreases with larger distortion of polyhedron. In a
word, the structural information obtained from MS is consistent
with that from XRD.
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The evaluation of the relative abundances of O(Fe2þ), T(Fe2þ) and
TP(Fe2þ) from the MS area could not be determined due to the very
thick absorber made of �90% 57Fe isotope. This can be verified from
the larger values of the full width at half maximum G. Also, the
hyperfine parameters were obtained by varied fitting strategies, so
the errors of the area ratios are large. And at higher pressure the
peak area are inconclusive or ineffective because the Mössbauer
signals from O(Fe2þ) and T(Fe2þ)/TP(Fe2þ) were inextricable. Even
so, combining previous studies with our MS results, Fe2þ of Fe2TiO4

are attributed to O sites and T/TP sites on average. One half of Fe2þ

occupy all T or TP sites, and the remaining Fe2þ together with Ti4þ

occupy O sites [14].
Yamanaka et al. analyzed the phase transition of cubic–to–

tetragonal is related to the presence of Jahn–Teller Fe2þ ions in the
tetrahedral site [14]. A low crystal-field stabilization energy (CFSE)
of tetrahedral Fe2þ results in the Jahn–Teller transition. Fe2þ has
six 3d electrons with two different spin states. For Fe2þ at low-spin
state, T2g orbit is full-filled and the Jahn–Teller distortions will
disappear. High-spin Fe2þ due to asymmetric electronic cloud
distribution of 3d orbit has the Jahn–Teller effect [20]. However,
XRD results could not give direct evidence about iron electrical
structure change (valence state and spin state). Our MS results
directly demonstrate that iron in tetragonal site presents ferrous
with high-spin state, meaning that the Jahn–Teller effect may exist
in Fe2TiO4 at high pressure. In addition, the evidence of no Fe3þ

indicates no electron exchange between Fe2þ and Ti4þ . Seda and
Hearne have reported that pressure induced intervalence charge
transfer away from the ferrous sites: Fe2þ

þTi4þ-Fe3þ
þTi3þ in

natural ilmenite (FeTiO3) minerals [21]. However, pressure induced
intervalence charge transfer did not occur in stoichiometric
synthesized Fe2TiO4. The electronic structures of cations are stable
along with phase transition of Fe2TiO4 under high pressure.
4. Conclusions

High pressure XRD and MS experiments have been carried out
at room temperature on stoichiometric synthesized Fe2TiO4. The
XRD results show that phase transitions—from cubic spinel to
tetragonal spinel and then to orthorhombic post-spinel occur at
8.7 GPa and 16 GPa, respectively, in agreement with previous
high pressure studies [14]. The orthorhombic structure of Fe2TiO4

is preserved up to about 24 GPa. On decompression, the
orthorhombic phase can be preserved at ambient conditions.
The results of MS show that iron ions are high-spin ferrous irons
during whole pressure range. No electron exchange occurs
between Fe2þ and Ti4þ . For cubic spinel and tetragonal spinel,
half of Fe2þ cations occupy T sites, and the remaining Fe2þ

cations together with Ti4þ occupy O sites. As for orthorhombic
phase, Fe2þ cations occupy asymmetric trigonal prisms and half
of octahedrons, other O sites are occupied by Ti4þ .
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