© oo I O

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26

27
28
29
30
31

This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
(DOI will not work until issue is live.) DOI: http://dx.doi.org/10.2138/am.2013.4182 7/123

Revidon 2

High-pressure phasetrangtions of Fe;, Ti,O4 s0lid solution
up to 60 GPa correlated with electronic spin trangtion

Takamitsu Yamanaka', Atsushi Kyono1 2 Yuki Nakamoto'”, Yue Meng4, Svetlana Kharlamova’, Victor V.
Struzhkin' and Ho-kwang Mao'*"

! Geophysical Laboratory, Carnegie Institution of Washington. Washington, D.C. 20015

? Division of Earth Evolution Sciences, Graduate School of Life and Environment Sciences, University of
Tsukuba, Tsukuba Japan

3 Center of Quantum Science and Technology under Extreme Conditions Osaka University, Osaka, Japan

* High Pressure Collaborative Access Team, Geophysical Laboratory, Carnegie Institution of Washington,
Argonne, lllinois, 60439, USA

° High Pressure Synergetic Consortium, Geophysical Laboratory, Carnegie Institution of Washington,
Argonne, lllinois, 60439, USA

tyamanaka@ciw.edu

Abstract

Structure transition of the titanomagnetite (Fe; < TixO4) solid solution under pressures up to 60 GPa has been
clarified by single crystal and powder diffraction studies using synchrotron radiation with diamond anvil
cell. Present Rietveld structure refinements of the solid solution prove that the most preferable cation
distribution is based on the crystal field preference rather than the magnetic spin ordering in the solid

solution.

The Ti-rich phases in 0.734<x<1.0 undergo transformation from the cubic spinel of Fd 3m to the tetragonal
spinel structure of /4 /amd with ¢/a<1.0 by Jahn-Teller effect of "VFe*" (3d°) in the tetrahedral site. The
c/a<l ratio is induced by the resolution of degeneracy of e orbital and d,2-2 orbital is placed in the lower
electronic state than d.2. The distortion identified by c/a<l1 is more intensively observed with increasing Ti

content in the Fe;4TixO4 solid solutions and with increasing pressure. X-ray emission experiment of
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Fe,TiOy4 at high pressures confirms the spin transition of Fe-K/3 from high spin to intermediate spin (IS)

state. High spin (HS)-to-low spin (LS) transition starts from 14 GPa and IS state gradually increases with
compression. VIFe?" in the octahedral site is more capable for the HS-to-LS transition, compared with Fe?'
in the four-fold or eight-fold coordinated site.

The transition to orthorhombic post-spinel structure of Cmcm has been confirmed in the whole
compositional range of Fe;4TiiOs. The transition pressure decreases from 25 GPa (x=0.0) to 15 GPa
(x=1.0) with increasing Ti content. There are two cation sites in the orthorhombic phase: M1 and M2 sites
of eight-fold and six-fold coordination sites. Fe** and Ti*" are disordered in the M2 site. This structure
change is accelerated at higher pressures due to spin transition of Fe*” in the octahedral site. This is because
the ionic radius of 'Fe*" becomes 20% shortened by the spin transition. At 53 GPa, the structure transforms
to another high-pressure polymorph of Pmma with the ordered structure of Ti and Fe atoms in the
octahedral site. This structure change results from the order-disorder transition.

Introduction

High-pressure phase transitions of many spinel compounds in the earth crust have attracted much
attention from geophysical interests. Many spinels decompose directly or indirectly to ilmenite+Bl,
rutile+B1, and perovskitetB1 with increasing pressure. However, some spinels transform to the
high-pressure post-spinel phases without decomposition. High-pressure studies of spinels also attract
extensive attention in order to understand strong electronic correlation such as charge transfer, electron
hopping, electron high-low spin transition, Jahn-Teller distortion, and charge disproponation in the lower
mantle or subduction zone.

Solid solution of titanomagnetite (Fe;TixO4) between magnetite (Fe;O4) and ulvdspinel (Fe,TiOy) is
one of the principal magnetic substances used for the investigation of rock magnetism. The magnetic
property changes from ferrimagnetic magnetite Fe;O4, to antiferromagnetic ulvospinel Fe,TiO4 with
increasing Ti content. A number of studies of the cation distribution in the solid solution have been carried
out and the distribution has been examined (Akimoto, 1954; Neel, 1955; Chevallier et al, 1955; O’Reilly
and Banerjee, 1965; Lindsley, 1976; Kakol et al., 1992; Pearce et al, 2006). These models were proposed
from the diffraction studies using X-ray and neutron sources, magnetic susceptibility measurements and
X-ray absorption. They are described by cation site preference based on crystal field, relative cation size
and magnetic moment. Wechsler et al., (1984) reported almost the same result of the Akimoto model from
their X-ray-neutron studies. Bosi et al. (2009) discussed the crystal chemistry of the Fe;«TixO4 solid

solutions as a function of Ti composition by X-ray single-crystal diffraction study.
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Several experiments have been devoted to magnetite under high-pressure (HP) conditions by X-ray
powder diffraction (Mao et al. 1974; Pasternak et al. 1994; Fei et al. 1999; Haavik et al. 2000; Kuriki et al.
2002; Dubrobinsky et al., 2003; Rozenberg et al. 2007) and single-crystal X-ray diffraction (Finger et al.
1986; Nakagiri et al. 1986; Reichmann and Jacobsen 2004). Magnetite undergoes a phase transition to a HP
form, called h-Fe;04, above 25 GPa. Haavik et al. (2000) investigated the elastic behavior, the stability field
and the crystal structure of the HP form of magnetite, showing that h-Fe;O4 has the CaTi,O4-type structure
with space group Bbmm (Cmcm). Metallization of magnetite under high-pressure was reported by electrical
resistivity measurements by Todo et al. (2001) and they reported that the Verwey transition temperature
decreases non-linearly with increasing pressure and the transition disappears at around 7.5 GPa. The similar
spinel solid solution of Fes,SiO4 as titanomagnetite has been investigated to explain the electron
conductivity and magnetic anisotropy in the crust (Yamanaka et al., 2001a, 2001b).

A systematic study of the Raman spectra of titanomagnetite for x=0.0, 0.2, 0.4 and 0.6 has been
conducted (Zinii et al., 2011). Raman spectroscopic study of ulvospinel has been undertaken in a
diamond-anvil cell under hydrostatic conditions up to 57 GPa at room temperature (Kyono et al., 2011).
The Jahn-Teller effect on the structure transition of Fes TixO4 has been investigated at high pressures and

low temperatures (Yamanaka et al., 2009). The phase transition takes place at 8 GPa with increasing

pressure at ambient temperature and the transition was also found at —110 °C and ambient pressure. The

former has c/a = 0.9982eeat 11.43 GPa and the latter ¢/a = 1.0035 at —170 °C. These indicate that the

degeneracy of e orbit of Fe*" at the tetrahedral site is in a different resolved manner under high-pressure and
low-temperature conditions: the former prefers electronic state d.2-,2 and the latter d.2 orbit in e orbit due to

Jahn-Teller effect of Fe** at the tetrahedral site.

The present experiment aims to elucidate the structure transition of Fe,TiO4 and electronic spin transition
of Fe using an X-ray emission study of FeK/3 under high pressure. Elucidating the correlation between

structure and spin state is one of the crucial problems for understanding the geophysical properties of earth

interiors under high pressure such as electric conductivity, magnetic properties and elastic properties.

Experiment

Powder samples of Fe; < TixO4 solid solutions were prepared by solid-solid reaction at ambient pressure.
In order to prepare the stoichiometric samples, special care was taken into for controlling partial pressure of
oxygen (Poy) using CO and CO, gas mixture. The well-defined single-crystal sample of Fe,TiO4 ulvospinel

(x=1.0) was synthesized using the floating zone method and it was used for the high-pressure diffraction
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study. The chemical compositions of all synthesized samples were analyzed by electron probe
microanalyzer (EPMA) and the homogeneity was examined by the back-scattered electron images. Neither

trace element nor impurity was found in the samples.

X-ray powder diffraction experiments were executed using a diamond anvil cell (DAC) at pressures up
to 61 GPa at ambient temperature. Rhenium gasket was preindented from 200 pm to 50 pm. Pressure was
measured 20 min after changing the pressure to ensure that the sample was held at stable pressure. Pressure
was determined by the ruby fluorescence method (Piermarini et al., 1975; Mao et al., 1986). The powder
sample and ruby-chip pressure marker were placed in the gasket hole of 125 pum in diameter. Neon pressure

transmitting medium was used in all present experiments. Angular-dispersive powder diffraction
measurements of Fes;TiyO4 solid solution (x=0.0, 0.102, 0.231, 0.551, 0.624, 0.734, 0.831, 1.0) were
undertaken at the undulator beam line BL-13A with wavelength about 30 KeV and at the bending magnet
beam line BL-18C with 20 KeV in Photon Factory (KEK), Tsukuba. A powder diffraction study of Fe,TiO4
under pressure up to 61GPa was also conducted by angular-dispersive powder XRD experiment with
wavelength 04218 A at 16-BM-D at the Advanced Photon Source (APS), Argonne National Laboratory.

The long camera length system at KEK was applied for the precise measurement of the lattice constant.

The high-resolution diffraction profile analysis was performed within 26=5°~15° using a narrow collimator

of 10 um.

Fe-K8 X-ray emission spectroscopy (XES) of Fe,TiO4 has been undertaken at 16-ID-B in APS in order
to clarify the spin state change under pressure up to 30.9 GPa. The measurement of the Kf fluorescence
reveals changes in the 3d electronic configuration of the Fe in the sample. XES measurement has
confirmed the high-low spin transition. The incident X-ray beam was focused using a pair of
Kirkpatrick-Baez mirrors. A spherically bent Si (333) crystal was used for the energy analyzer, which is

placed along with the detector with a high resolution of 0.5 eV. The incident X-ray beam first passes

through a diamond monochromator, which selects X-ray energy around the Fe-K/3 absorption edge. The

Fe-K/3 emission spectrum is detected through the gasket. The analyzer angle 6 and detector angle 26

simultaneously scan for changing energy along the Rowland-circle in the spectrometer scans. Helium gas
was filled in the X-ray path in order to reduce an absorption by air. The detailed specification was reported
in Rueffet al., (1999).

Structure change with composition and pressure of Fes (TixO4 solid solutions
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125 The structural analyses of the pressurized samples were undertaken by the Rietveld profile fitting
126  method. The Rietveld refinement was conducted using the program RIETAN-2000 (Izumi and lkeda,
127 2000). First the background intensity distribution was adjusted for the refinement. Then lattice constants,
128  atomic positional coordinates and temperature factors were treated as variable parameters and subsequently
129  profile parameters and site-occupancy parameters were varied in the refinement. Finally a full matrix
130  least-squares refinement was conducted. The full-width half-maximum parameter, asymmetry parameters
131  and peak profile function confirm that the diffraction data can guarantee a reliable profile analysis.

132 Rietveld fitting indicates the continuous increase of the lattice constant as a function of composition x in
133 Fe34TiyO4at ambient conditions (Table 1). The site occupancy refinements are performed in consideration
134  of chemical constraint based on the EPMA analysis. Since the atomic numbers of Fe and Ti are 26 and 22,
135  they are noticeably different enough to identify atoms in X-ray scattering power. The cation distribution of
136 Fe*'(24) and Fe*'(23) cannot be determined by X-ray diffraction because of their similar atomic scattering
137  factors.

138 In the present single crystal diffraction experiment, effective charge analysis has not been undertaken
139  with monopole k-parameter refinement using the data set of the diffraction intensities. The site occupancy

140  refinement indicates Ti ion preferentially occupies the octahedral site in the whole compositional range.
141  This s in accordance with the neutron diffraction study of Forster and Hall (1965).

142 The oxygen positional parameter, (u u u), continuously changes with the content of Fe,TiO4
143 component. A-O and B-O bond distances in "A"'B,0, spinel structure reflect the cation distribution. The

144  AOQq tetrahedral volume shows a noticeable increase, because of the large difference in ionic radii between
145  Fe*" (0.63A) and Fe' (0.49A) (Shannon et al., 1976) . On the other hand the volume of the BOg octahedron

146  decreases slightly by the replacement of Ti* (0.605A) for Fe*' (0.63A). With increasing substitution of Ti"
147  for Fe’" in the octahedral site, simultaneous substitution of Fe** for Fe*" takes place in the tetrahedral site.
148  The compositional dependence of the bond distances and site volumes is shown in Figure 1.

149 Magnetite transforms to the orthorhombic phase (h-Fe;O4) at 25 GPa. The diffraction peaks of the
150  spinel phase were detected at pressures even at 50 GPa. With decreasing pressure the back transformation
151  to the spinel phase could not be confirmed, because the spinel peaks remained in the entire pressure range.
152 A large hysteresis of the structural transition was observed in the compositional range of 0.0<x<(0.551.
153  Samples with a large amount of iron content show a more obvious hysteresis. The two-phase mixture of
154  magnetite and h-Fe;04 were reported above the transition pressure (Mao et al., 1974; Huang and Bassett
155  1986; Pasternak et al., 1994). The spinel phase of Fe;TixO4 in the compositional range was found in the

156  orthorhombic region in the present experiment.
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At ambient temperature, the cubic spinel structure of Fe,TiO, with space group Fd 3m Z=8 transforms
to tetragonal spinel structure of /4\/amd Z=4 at about 8 GPa, and it is confirmed that the transition is
reversible. Subsequent transition from the tetragonal to the orthorhombic post-spinel phase is observed at
about 15 GPa.

The phase stability of the Fes;TixO4 solid solutions was presented in our previous paper (Figure 1 in
Yamanaka et al., 2009) as functions of pressure and composition at ambient temperature. The transition
pressure from cubic spinel to an orthorhombic post-spinel phase decreases from 25 GPa at x=0.0 to 15 GPa
at x=1.0 with an increase in the Ti content. The tetragonal phase appears only in the compositional region of
x>0.734. The transition pressure decreases with Ti substitution. The back transformation from the
post-spinel phase to the tetragonal spinel could not be confirmed with decreasing pressure. And under
further decreasing pressure the post-spinel phase directly transforms to the spinel phase without showing a
tetragonal phase. Consequently the post-spinel phase of Fe, TiO4 is unquenchable.

Lattice constants of the spinel solid solutions Fe;TiO4 are presented as a function of pressure in
Table 1. All spinel structures of Fes;TiiO4 yield almost monotonous compression curves before the

transition to high-pressure phases, as shown in Figure 2.

Bulk modulus of the Fe; < TixO4 spinel solid solutions

The bulk modulus of the spinel phase is calculated by the second-order Birch-Murnaghan (BM)
equation of state from the unit cell volumes. These data of Ky’ are larger than Ky’=4. The bulk modulus of
Fe;04 (x=0.0) is K¢=183.4(8.1) GPa and K¢’=7.1(2.9) in good agreement with the previously reported data:
181(2) GPa (Nakagiri et al., 1985): 217(2) GPa (Haavik et al., 2000) and 180.6(1.1) GPa (Rozenberg et al.,
2007). Since the spinels with large content of Ti (x>0.624) have a small pressure range of the cubic phase,
the number of observed data is limited to only five data. Then those data applying the first-order BM are
more reliable. The bulk modulus presented shown in Table 2 increases with Ti content. It is clarified that

Fe,TiO4 ulvospinel has a much larger Ky than magnetite.

Tetragonal phase induced by Jahn-Teller effect

The reflections observed by the high-resolution powder diffraction system in KEK were identified as
the tetragonal structure with ¢/a<1. The c/a ratios are 0.9846 of x=0.831 at 12.45 GPa and 0.9787 of x=1.0
at 11.43 GPa. The samples with x=0.734, 0.831 and 1.0 transform to the tetragonal phase at about 12 GPa,
9 GPa, and 8 GPa, respectively. The unit cell volume changes at the transition pressures from the cubic to

tetragonal phase indicate that the transformation is a first-order transition. Tetragonal spinel structure of
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189 I4y/amd was induced from the tetragonal distortion due to the Jahn-Teller (J-T) effect of Fe**(3d°) at the

190  tetrahedral site (Yamanaka et al., 2009), although the J-T tetragonal distortion due to Fe*" in the tetrahedral

191  siteis a very rare case among many substances. The tetrahedral site symmetry changes from 43m to42m.
192  The tetragonal phase is not found in the samples with x<0.624. Probably those samples may have a
193  tetragonal distortion, but it cannot be observed because the distortion is too small to be detected by
194  diffraction study. The tetragonal distortion is enhanced with increasing pressure, as shown in Figure 3. The
195  enhancement can be energetically interrelated to the enlargement of the splitting energy Dq between ¢ and e
196  orbitals with pressure.

197

198  Orthorhombic high-pressure phases of Fe, TiO4

199 Much attention has been paid to the post-spinel structures because of their geophysical interests Three
200  orthorhombic phases of CaMn,O4(Pmab Z=4) (Andrault and Casanova, 2001; Waskowska et al., 2001),
201 CaTiyO4 (Cmcm, 7Z=4) (Funamori et al., 1998; Haavik et al., 2000; Dubrobinsky et al, 2003) and CaFe,O4
202  (Pnam, Z=4) (Reid and Ringwood, 1969; Irifune et al., 1991; Akaogi et al., 1999) have been reported as
203  high-pressure polymorphs of spinels. The single-crystal structure analyses were reported: CaMn,O4 by
204  Geisber et al., (2001), CaTi,O4 by Rogge (1998) and CaFe,O4 by Becker and Kasper (1957). Ca has an
205  eight-fold coordination in three structures and Mn, Ti, and Fe occupy the six-fold coordination sites. In
206  these three structures, two polyhedra are linked with the shared edges and shared comers. Hence these
207  structures are much denser than the spinel structure. All three samples have further high-pressure
208  polymorphs (Yamanaka et al., 2008). CaMn,O, transforms to the CaTi,Os-type structure. A new phase of
209  CaFe;O4 has a space group Prnam due to martensitic transformation by displacing atoms in every third layer
210  perpendicular to the ¢ axis. CaTi,O4 also has a new high-pressure polymorph with space group Cmcm
211  (Bbmm).

212 Mao et al., (1974) first described high-pressure magnetite at pressure over 25GPa, Fei et al (1999)
213 reported Fe;0, transformation to CaMn, Oy (h- Fe;Oy) at 24 GPa at 823 K. However, Haavik et al. (2000)
214  described the transition to CaTi;O4 at 21.8 GPa at ambient temperature and Reichmann and Jacobsen
215 (2004) reported that pressure-induced shear-mode softening in magnetite is related to magnetoelastic
216  coupling and the orthorhombic structure is stable above 21GPa. There are some discrepancies in post-spinel
217  structures, because of their structural similarity.

218 In the present experiment of Fes «TixO4, the transition pressure to the CaTi;Os-type structure of Crmcm
219  decreases from 25 GPa (x=0.0) to 15 GPa (x=1.0) with increasing Ti content in the solid solution. The
220  Cmcm structure of Fe,TiOy is stable up to 50 GPa. The pressurized sample at 27 GPa was kept in a DAC
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221  for 5 days at 200 “C in order to avoid the mixture of the spinel phase. Rietveld profile fitting to the

222 diffraction pattern taken at 40 GPa confirms the CaTi,O4 type structure, as shown in Figure 4. The structure
223  obtained by the Rietveld analysis is shown in Figure 5. The results of the Rietveld analyses at selected
224  pressures are listed in Table 3. The bond distances of polymorphs, cubic, tetragonal and two orthorhombic
225  phases of Fe,TiO4 are presented in Table 4. There are two cation sites in the orthorhombic phase with the
226  space group Cmcm; M1 (4c) and M2 (8f) atoms are located in the eight-fold and six-fold coordination sites,
227  respectively. One of the Fe*" occupies the M1 site and the other is disordered in the M2 site with Ti*', as
228  shown in Figure 5. M2 octahedra are linked to make a herringbone-shape structure. The present profile
229  fitting analyses at pressures up to 50 GPa cannot detect the cation ordering of Fe and Ti in the M2 site.
230 The orthorhombic CaTi,Os-type structure is found in the whole compositional range of Fe; TixO4 solid
231  solutions. In the h-Fe;0y structure, Fe*" occupies the 8-fold coordinated M1 site and two Fe’™ are located in
232 the octahedral M2 site. On the other hand, the high-pressure form of Fe,TiO4has Fe* in M1 and Ti*" and
233 Fe’" in the M2 site, which is determined by site occupancy analysis. The octahedral bonds in the
234  orthorhombic structure are noticeably compressed with increasing pressure (Table 4). The extremely
235  shortened octahedral bonds cause a distortion of the eight-fold cation site, which has shared edges with the
236 octahedral site.

237 At pressures above 53 GPa the structure refinement based on Cmcm does not produce reasonable
238 bond lengths resulting in a very poor reliable factors. In the Cmem structure, the Fe** ion in the M2
239  octahedral site is in the low-spin state, and it has an extremely small ion radius. Two octahedral sites
240  provide an ordered cation distribution. Pmma (Pmcm) is a possible candidate for two octahedral sites,
241  which is a non-isomorphic subgroup of Cmcm, and loses the C-centered symmetry. The M1 and M2 sites
242 of the Cmcm structure are both split into two crystallographic nonequivalent sites in Pmma. Fe atoms are
243  located in two eight-fold coordination sites, 2e and 2f, and Fe and Ti are separately situated in the six-fold
244  coordination sites, 41 and 4j, respectively. Rietveld profile fitting including a variable parameter of the site
245  occupancy of the Pmma structure at 61 GPa converged with a much higher reliability factor than that of the
246 Cmcm structure (Figure 6). The converged structure obtained from the Rietveld refinement is presented in
247  Figure 7. The calculated patterns of these two structures of Crem and Pmma are very similar to each other.
248  However, the intensity distributions of the reflections at low angles are different. The different volumes
249  between two octahedral sites produce an ordered structure of Ti and Fe in the sites. The site occupancy
250  analysis indicates the smaller octahedral site is occupied by Fe*"and Ti is located in a larger octahedral site.
251  The bond distances indicate two crystallographically independent octahedral sites have noticeably different

252  average distances between FeOs and TiOg octahedral sites. The structure transition from Cmcm to Pmma
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253  belongs to the order-disorder transition. Four polymorphs of Fe,TiO, are presented with increasing pressure
254  in Figure 8.
255
256  X-ray emission spectra of Fe,TiO,4 at high pressures
257 X-ray emission spectra of Fe-Kf of Fe,TiO4 were observed from a single-crystal Fe,TiO4 at high

258  pressures and room temperature. All spectra were normalized to unity for the pressure- induced shift of the
259  line maximum, based on the main fluorescence peak (Kf) at 7,058 eV. Fe-Kf spectra at pressures up to

260  30.9 GPa observed at BL16-ID-B APS are shown in Figure 9. The starting material at ambient conditions
261  displays a high-spin state. With increasing pressure, the intensity of the K5’ peak decreases and the position
262  of the main Kf; ; peak is shifted to lower energy to maintain the center of mass of the total K. We applied
263  the variation of the spin state through the integrals of the integrated absolute values of the difference spectra
264  (IAD) (Vanko et al., 2006). The HS and LS spectral functions as 4(FE) and /(E) are normalized to unit area at

265  integration. The IAD value for the complete spin transition can be given as IADy = { |A(E) - I(E)| dE. A
266  spectrum in the transition region is a superposition of those of the two spin states, thus it can be expressed as

267  s=vyush+(1-vus), where v ysis the high-spin fraction. Its difference from the low-spin reference /is s -

268  [=1y pus(h - I). The integral of its absolute value is
269 IAD(s)= | [s(E)— I(E)|dE = %,IAD,,

270  The IAD is proportional to a fraction of the high spin and is a good indicator of the amount of the transition.
271  The values at several pressures are shown in Figure 10. The intensity of the main peak was obtained by
272 normalization of spectra to the one center of mass of the spectra. The observed electronic spin transition
273  pressure starts at about 14 GPa. This is a very similar value to the structural transition pressure to post-spinel
274  at 15 GPaobserved by XRD.

275 The peak is slightly asymmetric with a weak shoulder on the low energy side. The shoulder arises from
276  a spin flip in the metal valence shell. It has also been assigned to either plasmon excitations or
277  charge-transfer processes. Photoemission spectroscopy on free atoms shows that intra-atomic interactions
278  dominate the K/3® espectral shape. K’ and Kf, 3 lines move towards each other with decreasing valence
279  spin due to smaller exchange interaction between 3p and 3d. The K merges into other weak final states on
280  the low energy side of the Kf3;; line for S = 0. These states are due to many electron excitations where
281  additional electrons undergo a t, to e, transition, while simultaneously a 3p electron decays into the Ls
282  vacancy. This is a many-electron effect and shows the correlation in the electronic shell; upon the 3p—1s

283  transition.
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284 We observed a shift to lower energy in the Kf3; ; position. The Kf’ peak intensity decreases a little. The
285  spin transition is an intermediate spin state in which 20 % of the total Fe transforms to low spin.
286

287  Discussion

288 The tetragonal phase of Fe,TiO, with ¢/a<1 is induced from the J-T distortion by Fe**in HS state at the

289 tetrahedral site, resulting in the transformation from the cubic site symmetry of 43m to the tetragonal of

290  42m. The tetragonal distortion is enhanced with increasing pressure. The tetrahedral coordinated Fe*'(3d°)
291  has the electron configuration of €7 and electrons in the e orbital have a lower energy than those in the ¢
292  orbital. The electron spin configuration in the e orbital (double degeneracy) in the tetrahedral symmetry can
293  be distributed in either model: (di2- y2)2(0’22) Lor (de- ¥2) '(d2)*. In the former case, dy2.,2 orbital has a lower
294  energy level than d.2. The present tetragonal phase prefers the former configuration under high pressure.
295  There is an obvious degradation of crystal symmetry, resulting in structural change. The electron spin state
296  yields the tetrahedral distortion with c¢/a<1 under high-pressure. Other three electronic spins occupy the ¢
297  orbital (triple degeneracy) with parallel-aligned spins and they have nothing to do with the present
298 tetrahedral distortion.

299 The distortion identified by c/a<l is more intensively observed with increasing Ti content in the
300  Fes;4TikO;4 solid solutions and with increasing pressure. The present J-T transition is same as our previous
301  experimental result of the J-T transition of FeCr,Oy. of normal spinel structure, which is composed of Fe**
302  in the tetrahedral site (Kyono et al., 2011).

303 On the other hand, Fe;TiO,4 transforms to the tetragonal phase with c/a>1 at low temperature below
304 -110 “C due to the different spin configuration from that at high pressure (Yamanaka et al., 2009). In both

305  experiments at high pressure and low temperature, c¢/a can be determined by spin configurations of Fe*" in
306  the tetrahedral site. Fe*" in the octahedral site has the spin configuration of (t2g4)eg2. Triple degeneracy
307  orbital £y is in lower energy level compared with e,. One of d,,, d,., and d., is an antiparallel orbit in #5,.
308  However, these configurations do not lead to noticeable axial elongation or flattening of the octahedron.
309  Hence Fe*" in the octahedral site do not play a significant role to produce the tetragonal distortion.

310 Electronic spin transition gives a great influence on ion radii of the transition elements, according to the
311  effective ion radii (Shannon 1976). lon radii of Fe?" at the octahedral site are r7=0.780 A (HS) and rr=0.61
312 A (LS). Ion radii are shortened in the low spin state at high pressures. The spin transition from HS to LS
313  reduces the ferrous ionic radius at the octahedral site by about 20 %. Naturally, the bond length becomes

314  shortened in the low spin state. Hence the spin transition induces the distortion of the iron sites. The
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structure transition pressure of Fe,TiOy4 to orthorhombic CaTi,O4-type is 15 GPa, but the intermediate spin
transition starts at about 14 GPa. On the other hand Fe;04 has the post spinel structure transition pressure of
23 GPa and spin transition at 15 GPa (Ding et al., 2008). Our XES studies show extremely low spin
transition pressures compared with FeO (wiistite) and other earth iron bearing materials (Badro et al., 1999;
Lin et al., 2005). This is because Fe;0, and Fe, TiO, spinels have very short Fe-O bond distances at ambient
conditions, which are similar to the compressed Fe-O bond distance of many other substances under
extremely high-pressure condition (Table 4).

The present XES experiments can be interpreted by Fe*” with electron configuration of 3d° ( egz, t2g4) n

the octahedral site, which is more capable of causing the HS-to-LS transition compared with four-fold or
eight-fold coordinated sites. This is because a hybridization of d-p-rt bond in the 6-fold coordination site is

directly transmitted by external pressure.

The post-spinel structure is composed of six-fold and eight-fold cation sites and shows a noticeable
compression of the octahedral bonds (Table 4). The spin transition promotes the compression of Fe-O
bonds in the octahedral site. The extremely shortened octahedral bonds induce a distortion of the eight-fold
cation site, which has shared edges with the octahedral site.

We consider the vibration of atoms under compression in order to understand the phonon-electron
interaction. The allowed vibrations are described by reduction into the irreducible representations of the
point group:

I' = AigtEq +Fig +3F5 1240, ¥2E5, +5F), +2F5, (Ishii et al., 1972; Unger et al. 1978). In our Raman

scattering experiment of Fe;TiO4 (Kyono et al., 2009), two Raman-active modes were clearly observed
around 500 and 700 cm . With increasing pressure, the frequencies of the Ay and F>, modes increase
continuously up to 9 GPa with pressure derivatives of 2.5 and 2.1 cm '/GPa, respectively. At about 20 GPa,
the >, mode splits into B, +F, modes, and then into B, +B5, +B3, modes. The Raman spectra are in good

agreement with the result from the present XRD study.

Concluson

The present XRD and XES experiments under pressure clarify the correlation between structures and
spin state of Fe; < TiyO4 solid solutions. The experimental results can be applied for the many earth materials
containing transition elements.

Rietveld structure refinements including the site occupancy determine the cation distribution of
Fe; < TixO4 solid solution. The most reliable model takes into account the crystal field instead of magnetic

spin ordering in the sold solution. Volume of the tetrahedral site is continuously enlarged with increasing Ti

11

Always consult and cite the final, published document. See http://www.minsocam.org or GeoscienceWorld



This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
(DO will not work until issue is live.) DOI: http://dx.doi.org/10.2138/am.2013.4182 7123
347  content due to substitution of ferrous ion for ferric iron.
348 The Ti rich phase has a cubic-to-tetragonal transition under pressure by Jahn-Teller effect of Vpe?* (3d)
349  in the tetrahedral site. The transition pressure is lowered with Ti content. Their c/a ratios are c/a<l due to
350  dy-y2 orbital of the tetrahedral configuration, indicating c/a= 0.9787 of Fe,TiO4 at 11.43 GPa. XES
351  experiments prove that Fe;TiO, spinel shows an extremely low spin transition pressure, because it has
352  very short Fe-O bond distances at the octahedral site even at ambient pressure. Those Fe-O bond distances
353  are similar to distances of the other substances under extremely high-pressure condition. Fe in the
354  octahedral site is more capable of causing the HS-to-LS transition, compared with the four-fold or
355  eight-fold coordinated site.
356 Transition pressure of Fes (Tiy04 to CaTi,O4-type structure of Cmcm decreases from 25 GPa (x=0.0) to
357 15 GPa (x=1.0) with increasing Ti content in the solid solution. The Cmcm structure of Fe,TiO; is stable up
358 to 50 GPa. Octahedral bond distances in the orthorhombic post-spinel structure become noticeably
3569  shortened with increasing pressure. This is because of the 20% shrinkage of ionic radius of Ve by the
360  spin transition. Under further compression the structure transition from Cmcm to Pmma has been observed.
361  This structure change is an order-disorder transition, because the latter forms an ordered structure of Ti and
362  Fein the octahedral site at pressures above 53 GPa.
363  The present XRD and XES experiment clarify three transitions of Fe,; TiO4, which reflect the electronic spin
364  states due to Jahn-Teller effect on Fe*' in the tetrahedral site and HS-to-IS transition of Fe*™ in the
365  octahedral site.
366
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Figure 5
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Figure 7

Figure 8

Figure 9

Figure 10

Bond distance and site volume as a function of composition.

A-O and B-O indicate the bond distance of the tetrahedral and octahedral site.

Solid circles and star symbol indicate the reflections of the orthorhombic and new
phase.

Pressure dependence of the lattice constant of Fe; s TixO4 spinel solid solutions.

The lattice constant of each spinel phase shows a monotonous change in the high-
pressure region.

Lattice constants of the cubic and tetragonal phases of x=0.831 and x=1.0 in

Fes Ti,Os.

Rietveld profile fitting of the high-pressure phase of Fe,TiO4 at 40GPa.

Initial model for the profile fitting is the CaTi,O4 structure with Cmcm.
High-pressure structure of Fe, TiO4 with Cmcm.

One of Fe*" occupies M1 site and the other M2 site. Ti*"and Fe” disorderly occupy the
M2 site.

Rietveld profile fitting of the high-pressure phase of Fe,TiO4 at 61 GPa.

Initial model for the profile fitting is the CaTi,O4 structure with Pmma

Structure of Fe,TiO4 at 61 GPa with Pmima.

Unit cell volumes of four high-pressure polymorphs of Fe,TiO4.

The unit cell volume of the cubic phase is presented by half of the true value in order

to normalize all four polymorphs.
X-ray emission spectra of Fe-Kf3in Fe, TiO, at increasing pressure up to 30.9 GPa.
The spectra collected from a single-crystal Fe,TiO4at high pressures and room
temperature. The upper left figure sows the expanded K/7 spectra, indicating an
intermediate spin transition. The transition starts from 14 GPa. Intermediate spin
electron increases with pressure.

Relative integrated intensities due to energy shift of Fe-K/3.

The integrated absolute differences (IAD) between spectra at indicated pressures
and the spectrum at highest pressure, 30.9 GPa. The IAD is proportional to a fraction
of the high spin. The significant reduction of the IAD after 14 GPa correlates with the

structural transition found in Fe2TiO4at 15 GPa. The scale of vertical axis is
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introduced by the equation indicating the variation of the spin state through the

integrals of the absolute values (see text).

Tables.
Table 1 Lattice constant of Fe; TiyO4 spinels under high pressure.
Data with a mark of * belong to the tetragonal spinel.

Samples of x=0.734, 0.831 and 1.0 show the tetragonal lattice constants a and c are

also presented together with c/a ratio. a of the tetragonal phase is presented by /2 time

of a. The number of parenthesis is the error of the last decimal.
Table2 Bulk modulus of the spinel Fe; TixO4 phase.
Ko* is calculated with fixed Ko’=4. R indicates the goodness factor for the fitting.
Table 3  Structure of four high-pressure polymorphs of Fe, TiOa.
Results of structure data at 14, 50 and 61 GPa are from the Rietveld profile fitting of powder
diffraction data. The definitions of the reliability factors Ry, R; Rp, wRp and goodness of fit s in

the refinement are
{ZkaO,,S—Fk A _F,. L ,,m—z,(x)J
R, =| S konl B Redl) R | S SO
Zkaobs Ziliobs
1/2 1/2
R _l:Ziy,—fi(X)} 2wy =i (x)‘ Zowily — i (%)
= — | > — b s = >
! ziyi R Z,’Wiyi N-P

where / indicates the integrated intensity of diffraction peak, y; is the observed diffraction
intensity at i-th position in 26, f(x) is the calculated intensity. NV and P indicate the total number of
the data point and variable parameters, respectively.
Structure at 5.58 GPa is observed from the single crystal diffraction study.

Table4 Lattice constant and bond distance of four high-pressure polymorphs of Fe,TiO4:
cubic, tetragonal and two orthorhombic phases.
Data of 61* are based on the Cmcem structure and presented for comparison sake to the

result of the Pmma structure.
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Table 1.

L attice congant of Fe;«TixO,s0ind s0lid solutionunder high pressure

x=00 x=0102 x=0231 x=0551 x=0624
R(GPa) ad) A(GPa) ad) R(GPa) ad) R(GPa) ad) R(GPa) ad)
00001 839848 00001  84102(9) 00001  84241(10) | 0.0001 84632(7) | 00001 84802(10)
463 8.3488(6) 469  83637(8) | 2099  84146(7) 202 84360(9) | 440 84298(11)
7.06 8.3153(8) 1383  82757(10) 6.9 8.3561(6) 412 84092(11) | 125 8.3645(14)
1229 82491(11) | 1699  82444(12) 145 83041(9) 862 83652(13) | 159 8.3350(9)
1651  821529) | 1795 823589 1543  82763(10) | 11.23 83414(18) | 173 83225(14)
191 81864(5) | 1988  82276(10) | 1798  82582(15) | 1254 83277(13)
2175 8.1708(7) 2183 821938 2117  82448(12) | 1460 8.3059(17)
2469  81601(7) | 274  82101(9) 2210  82292(13 | 1605 8.2937(9)
1784 8275%(14)
1954 8.2613(21)
X=0.734 x=0831 x=10
P(GPa) a(d) c®) da P(GPa) a(d) c(A) da P(GPs) a(d) cA) da
00001  84969(6) 00001 85131(7) 00001  85297(4)
6.63 8.4228(7) 163 8493912 291 84974(9)
988 8.3908(10) 522 845359 484  84768(11)
1262 8.3724(8) 754 8433310 584 8.465011)
14.65 8.3644(8) 804  8.4259(17) 712 845513(9)
*1630 83657(9) 8355090 099987 | *1134  83%86) 8321817) 09915 | *856  84178(12) 84004(14) 09980
*1245 83775(10) 82488(20) 09846 | *983  84048(12) 83%67(14) 09942
* *1064  83934(14) 8313(18) 09905
*1143  83857(12) 82836(16) 09878




Table 2
Bulk modulus of the spinel Fe;.«TixO4 phase.

X Ko (GPa) Ko’ R Ko*(GPa) No of data

0 183.4(8.1) 7,1(2.9) 0.9959 220.4 (4.6) 8
0.102 207.7 (14.8) 8.9 (3.4) 0.9977 263.4 (4.3) 8
0.231 224.3 (10.4) 7.9(3.4) 0.9982 269.3 (5.1) 8
0.551 226,8 ( 6.3) 5.7 (2.3) 0.9995 232.8 (1.3) 10
0.624 237.9 (14.4) 6.3 (7.3) 0.9995 275.2 (5.6) 5
0.734 228.9 (0.6) 5.3(0.1) 0.9999 246.3 (2.2) 5
0.831 227.7 (4.5) 6.7 (1.5) 0.9999 242.4 (1.9) 5
1.000 238.1 (4.2) 7.6 (2.4) 0.9994 250.8 (2.5) 5




Table 3 Result of the Rietveld profile fitting of high-pressure phase of Fe,TiO4
7GPa Cubicspind Fd3m z=8  a=8521(2)A b=8.521(2)A c=8,521(3)A
Atom Wyck. site sym. multiplicity occupancy X y z
Fel 8a 43m 0.25 8 0.0 0.0 0.0
Ti+Fe2 16d . 3m 0.50 16 0.625 0.625 0.625
o1 32e .3m 1.0 32 0.3629(9)  0.3629(9) 0.3629(9)
R=1.652 Rg=2557 Rp=0.557 wRp=1.072 s=0.1626
14GPa Tetragonal Spinel  14//amd z=4  a=5.985(8)A b=5.985(8)A ¢=7.999(10)A
Atom Wyck. site sym. multiplicity occupancy X y z
Fel 4b 4m2 0.25 4 0.0 0.0 05
Ti+Fe2 8c .2/m. 0.50 8 0.0 0.75 0.125
o] 16h .m. 1.0 16 0.0 0.1293(6) 0.282(6)
R =9.163 R=6.730 Rp=1.126 wWRp=2.341 s=0.1626
50GPa  Cmem z=4 a=2.685(DA  1b=9.228(3)A ¢=9.099(3)A  Vol=225.5(9) A3
Atom Wyck. site sym. multiplicity occupancy X y zZ
Fel 4c m2m 0.5 4 0.0 0.396(1) 0.25
Ti +Fe2 8f m.. 1.0 8 0.0 0.133(1) 0.068(1)
o1 4b 2/m.. 0.5 4 0.0 0.109(2) 0.25
02 8f 2/m.. 1.0 8 0.0 0.261(1) 0.623(2)
03 4b m.. 0.5 4 0.0 0.5 0.0
R =0.5b65 Rr=0.345 Rp=0.360 WRp =0.628 S=0.1626
61GPa  Pmma z=4 a=9.059(8)A b=2.659(4)A ¢=9.166(1A Vol=220.7(9) A3
Atom Wyck. site sym. multiplicity occupancy X y z
Fel 2e mm2 0.5 2 0.25 0.0 0.392(1)
Fe2 2f mm2 0.5 2 0.25 0.5 0.899(1)
Fe3 41 .m. 1.0 4 0.090(3) 0.0 0.136(2)
Ti 4j .m., 1.0 4 0.057(7) 0.5 0.610(2)
011 2c 2/m 0.5 2 0.0 0.0 0.5
012 2b .2/m 0.5 2 0.0 0.5 0.0
021 2e mm?2 0.5 2 0.25 0.5 0.561(5)
022 2f mm?2 0.5 2 0.25 0.0 0.051(5)
031 4 .m. 1.0 4 0.400(9) 0.5 0.272(3)
032 4j m 1.0 4 0.418(6) 0.0 0.783(4)
R =0.190 Rr=0.249 Rp=0.308 wRp=0.545 s=0.11354



Table 4 Bond distance of Fe,TiO, as a function of pressure

Single crystal structure analysis

Rietveld profile fitting analysis

Cubic (Fd3m) Tetragonal (14,/amd) Orthorhombic (Cmcm) Orthorhombic (Pmma)
Pressure (GPa) 0.0001 8.76 9.84 11.43 38 40 45 50 61
a(A) 8.5469(3)  8.4309(8) 5.943(1) 5.930(1) 2.745(1) 2.741(1) 2.708(1) 2.685(1) 9.059(3)
b (A) 9.393(2) 9.325(1) 9.238(2) 9.228(2) 2.658(1)
c (A) 8.367(2) 8.284(2) 9.242(2) 9.223(2) 9.121(3) 9.099(3) 9.165(2)
Vol (A3) 624.35 599.26 295.16 291.25 238.3(5) 235.7(2) 228.2(6) 225.4(9) 220.7(9)
4-fold coordination 4-fold coordination
Fe-O x4 2.011(1) 1.9697(8) 1.964(4) 1.961(9)
6-fold coordination 6-fold coordination 6-fold coordination 6-fold coordination
(Fe,Ti)-Ox 4 2.042(1) 2.018(1) 2.011(5) 1.995(2) (Fe,Ti)-O2x1 1.936(4) 1.837(2) 1.808(3) 1.777(6) Fel-022x1 1.673(7)
-0Ox2 2.042(1) 2.018(1) 2.021(2) 2.025(8) -02x2 1.704(2) 1.779(4) 1.729(4) 1.734(4) -032x1  1.724(8)
Average 2.042(1) 2.018(1) 2.014(4) 2.005(4) -03x2 2.027(2) 1.931(3) 1.929(4) 1.924(6) -031x2  1.825(7)
-O1x1 2.348(3) 2.266(3) 2.338(3) 2.090(4) -012x2  1.995(7)
Average 1.958(3) 1.921(3) 1.911(4) 1.847(5) Average 1.839(7)
Ti-O11 x2 1.747(8)
-021 x1 1.754(8)
-031 x1 1.783(7)
-032 x2 2.082(8)
Average 1.865(8)
8-fold coordination 8-fold coordination
Fe-Olx 2 2.007(3) 2.111(2) 2.126(4) 2.375(5) Fe2-0O31 x4 2.187(6)
-02x 4 2.324(3) 2.314(3) 2.323(3) 2.288(5) -022 x1 2.428(7)
-O3x 2 2.532(2) 2.521(2) 2.500(3) 2.468(5) -021 x2 2.454(7)
Average 2.297(3) 2.315(3) 2.318(4) 2.355(5) -011x1 2.553(8)
Average 2.329(7)
Fe3-032 x4  2.285(7)
-022x2  2.319(8)
-012x2  2.445(8)
Average 2.333(8)
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