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Abstract. The Fa+,Ti>—Os5, 0 < x < 1, solid solution series has been systematically
investigated by means of x-ray diffractiondgsbauer spectroscopy and neutron diffraction. The
results confirm that the g Tio—Os, 0 < x < 1 pseudobrookite series has an orthorhombic
structure with the @Z(Cmcm) space group. The unit cell contains four formula units. The site
occupancies obtained from bothdssbauer spectra and neutron diffraction data indicate that the
cation (F&*, Fe** and TI*) distributions in the available sites, 4c and 8f, are neither random nor
perfectly ordered. Akt = 0, most of the iron is in the 4c site, and the 8f site fills progressively
asx — 1. The agreement between thé&ébauer and neutron site occupancies indicates that the
Fe** and Fé* site preferences are the same.

1. Introduction

Titanium-substituted iron oxides are widespread in nature and represent an important mineral
resource for the commercial extraction of both iron and titanium. The Fe—Ti—O phase diagram
contains a variety of solid-solution minerals [1] including ulvospinel-magnetite (F&. O,),
ilmenite—haematite (Re, Ti, Os) and pseudobrookite (kg Ti,_, Os), the subject of this work.

This tie-line in the Fe—Ti—O phase diagram links ferric pseudobrookite (1) with ferrous
pseudobrookitex( = 0); however the latter is only stable above 131852]. While it is not

a commonly occurring mineral, pseudobrookite is of both commercial and scientific interest.
It is produced in substantial quantities during the processing of ilmenite ores as a by-product
of iron and titanium extraction [3]. Pseudobrookite more recently acquired a non-terrestrial
significance as an oxygen source for lunar bases for which an oxidation—reduction cycle on
high-ilmenite soils and volcanic glasses has been demonstrated to work [4, 5]. Finally, at low
temperatures, ferric pseudobrookite {F®s) exhibits an anisotropic spin glass phase [6] that
has drawn a lot of attention [7-9].

Understanding the magnetic properties of the pseudobrookite series demands a complete
description of the crystal and chemical structures of the compounds. Pauling [10] first reported
that pseudobrookite had an orthorhombic crystal structure in 1930. However, little further
progress was made until Akimott al successfully synthesized the solid solution series,
Fe+, Tio—,Os5, 0 < x < 1in 1957 [11]. Wyckoff [12] summarized the crystal structure of
ferric pseudobrookite, RL&iOs, as orthorhombic, containing four formula units per unit cell
and belonging to the space group/DCmcm). Despite the lack of contrast between Fe and
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Ti in x-ray diffraction data, it was assumed that the metal ions were perfectly ordered, i.e. that
Fe and Ti atoms occupied the 8f and 4c sites, respectively. This assignment was retained by
Hamelin [13]. Lind and Housley [14] argued that Hamelin's data are more compatible with
iron in both sites: four F¥ filling the 4c and four F& and four Tf* in 8f. Shiraneet al[15]
studied the Myssbauer spectra of both ferrows£ 0) and ferric § = 1) pseudobrookite. They
preferred Wyckoff’s assignment of all Febeing in the 8f site for = 1, and argued that for

x = 0, a distribution in which the 4c remained filled by Ti, and the 8f was occupied by Fe
and 4 Ti, was more plausible. However, the observed asymmetry in their spectrum indicated
the presence of two distinct iron types. Muranakal [16] measured’Fe Mossbauer spectra

of Fe,TiOs and FeT3Os at temperatures betwed K and 300 K. They basically retained the
assignment of Shiranet al [15] for FeTi,Os and that of Wyckoff [12] for FgTiOs although

they noted that the form of the spectrutndaK clearly indicated that some of the #dons

were located in the 4c sites of H80s. Atzmonyet al [6] and Gurewitz and Atzmony [17]
reported that the isomer shift and quadrupole splitting foiTKas were typical of high spin

Fe** for T > 55 K. Furthermore, they argued that the intensity of the (112) peak in the neutron
diffraction pattern at 295 K for F&iOs indicated that the F& and T ions were essentially
randomly distributed between the 8f and 4c sites. However, they only report a sirfjle Fe
site in the 300 K Mbssbauer spectrum. By contrast, Caizl [18] report two Fé* sites but
invoke a substantial (more than a factor of two) difference in recoil-free fractions between
the two sites in order to match the apparent areas of the two contributions with an assumed
random distribution of iron ions between the 4c and 8f sites. Grey and Ward [19] recorded the
Mossbauer spectrum of Fels, and assigned 28% of the ¥do the 8f sites and 72% to the

4c sites, a distribution which corresponds closely to the site occupancy (75%) that they had
determined from neutron diffraction measurements for this compound. Finally, there are also
two claims that FgTiOs occurs in a monoclinic structure with different space groupd/d

[20] or C2 [21]) and unrelated lattice parameters.

Given the wide disparity in structures and site occupations reported for this system, we
have carried out a systematic study of thg.k€i,_,Os, 0 < x < 1, solid solution series
using Mossbauer spectroscopy and neutron diffraction. The samples are orthorhombic at all
compositions and we obtained complete agreement between site occupancies derived from
Mdossbauer and neutron measurements.

2. Experimental methods

Samples were synthesized by mixing the starting powder materials, Fe (99.9% put€), Fe
(99.8%) and TiQ (99.9%), in stoichiometric amounts, according to the following reaction:

(1+2x) (1—x)
3

FeOs+ (2 — )C)TIOZ +

Fe — Fey, Tio—Os 1)

to provide Fe:Ti:O ratios afLl +x):(2—x):5(0.0 < x < 1.0), following the method of Akimoto

et al[11]. Prior to weighing, the starting materials were dried in air for at least 24 hours at
200°C. The mixture was homogenized by co-grinding in an agate mortar and formed into a
pelletusing a hydraulic press. The pelletizing procedure was employed to reduce the possibility
of Fe reacting with the quartz tube at high temperatures since only point contacts were made
between the pellets and the tube. The pellets were further dried aC20@ir, then sintered for

two hours at 1170-130@ in sealed quartz tubes containing 200 mbar of He. One of the end
numbers, F£TiOs, was also annealed in air with various ratios 0§GgTiO, from 50:50 to

47:53 to reduce the remained haematite iglli®s. After quenching to room temperature, the
pellets were powdered and checked by x-ray powder diffraction on a Nicdletesitomated
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powder diffractometer using graphite monochromated Gur&diation. Mdssbauer spectra

were obtained at room temperature on a conventional constant-acceleration spectrometer with
a 0.2 GB@®’CoRh source. The spectra were fitted using a standard non-linear least-squares
minimization routine employing a sum of Lorentzian lines. The spectrometer was calibrated
against anx-Fe foil at room temperature.

Neutron diffraction patterns were collected on the C-2 800-wire Dualspec powder
diffractometer at Chalk River Laboratories, Ontario. The wavelength of 1.2357 A was
determined using a 99.9999% Si powder standard. A total of 34 parameters were refined
using GSAS [22] in order to fit the diffraction patterns. These were: lattice parameters,
locations and thermal factors for each of the 4c and 8f metal sites, fraction of 4c occupied by
Fe, fraction of 8f occupied by Fe (the metal sites were constrained to be fully occupied, so the
balance in each site was Ti), locations and (linked) thermal factors for the three oxygen sites,
with angle-dependent background and resolution functions.

3. Results and discussion

Twelve Fg., Ti,_,Os (x = 0.0,0.05,0.1,0.2,. ., 1.0) samples were synthesized under various
experimental conditions. X-ray diffraction patterns for the 12 samples show that 11 samples
were single phase; an extra diffraction peak occurredat=227.7° in the x-ray pattern for
FeThOs indicating that a small amount of a second phase is present. However itwas impossible
to determine the structure of this impurity phase from a single diffraction peak.

We emphasize that no diffraction peaks occurredéat<2 10° in any of the samples
prepared for this study. We therefore found no evidence for the monoclinic phase reported by
Shiojiri et al [21].

Typical >’Fe Mossbauer spectra for the F€Ti,_,Os, 0 < x < 1, samples at room
temperature are shown in figure 1. As can be observed, the spectrum,idOFshows a
broad doublet corresponding to¥ewhile the spectrum for FeJDs consists of a strong sharp
doublet together with a weaker broad doublet (shoulders on the inner side of each line) with
a smaller quadrupole splitting. It appears to be difficult to obtain clean single phase samples
of the end members, FEOs5 and FeTiOs, as several authors [15, 16, 18] have mentioned
the existence of impurity phases in their samplesisbbauer spectroscopy revealed traces

Relative Transmission

1
-4 -2 0 2 4
Velocity (mm/s)

Figure 1. Mossbauer spectra for thekgTi,_ Os solid solution series at room temperature. Fits
are shown as solid lines.
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Figure 2. Fe2* fraction in Fa+, Tio_,Os. The solid line was calculated using equation (2).

of ulvospinel or iimenite remaining in all of the FeOs samples and a trace of haematite in
some of the F£IOs samples. These secondary phases were not detected by x-ray diffraction,
suggesting that it is difficult to identify whether a sample is single phase or not by only
x-ray diffraction, especially in cases where the diffraction lines overlap strongly and no extra
diffraction peaks can be seen. In some cases we detected significant amounts of haematite by
neutron diffraction in samples that showed no contamination by x-ray diffraction. We attribute
these differences to the superior penetrating power of neutrons ésdiduer gamma-rays
which provide better bulk probes than x-rays. We obtained a very clean ferric pseudobrookite
sample, after adding extra Tinto the starting mixture of Ti@and FgOs in order to reduce
the haematite content in FEOs5 as detected with Kissbauer spectroscopy.

Examination of figure 1 reveals that all of the iron ions in K€k appear to be Fg,
and those in FEOs are FE*, while both Fé* and Fé* coexist in Fe., Tio_,Os. Indeed,
the spectra fox # 0, 1 can almost be fitted as a linear combination ofthe 1 andx = 0
spectra. Since the two valence states of the iron can be so readily distinguished, the relative
Mossbauer absorption areas of thé*Fend F&* components can be used as an indicator of
chemical composition. According to the following chemical reaction:

Fe. Tio_ O = (1 — x)FeTihOs + xF&TiOs (2)
the ratio between & and the total iron content (g@ in the system can be expressed as:
FE" 1-—x
= . (3)
FQDI 1+x

Figure 2 shows the relative désbauer absorption area forEéogether with the prediction

of equation (3) and the excellent agreement confirms that the samples have the correct
stoichiometric ratio between Feand F&*. The amount of F& decreases with increasing
demonstrating that the chemical reaction process to form this solid solution series is described
correctly by equation (2).

Inspection of figure 1, and the fittedddsbauer parameters listed in table 1, confirm that
there are two sites for each of the’Fand F&* components, that they have distinct quadrupole
splittings (A) and isomer shiftss)), and that these parameters evolve smoothly across the series.
These results are fully consistent with the availability of two sites in the orthorhombic crystal
structure, and incompatible with one site in the monoclinic structure suggested by Shiojiri
et al[21]. Furthermore, itis clear that Fe occurs in both the 8f and 4c sites at all compositions



Crystal structure and cation distributions of FeDs—Fe, TiOs 6341

Table 1. The fitted parameters derived from thedddbauer spectra for the #eand Fé*
components. Isomer shiféand quadrupole splittingX).

FeTihOs (FE)

8f 4c

x ) A ) A Fe* area

0.0 110+0.01 216+ 0.03 1064+0.001 3148+0.003 100.0

0.2 110+0.03 191+0.09 10474+0.002 3094+ 0.004 64.52
0.4 112+0.04 197+0.12 1043+0.003 3023+ 0.006 40.53
0.6 105+0.04 169+0.14 10514+0.005 2877+0.012 22.68
0.8 120+0.03 156+ 0.10 1042+0.012 2807+0.031 19.94

FeTiOs (Fe™)

8f 4c
x ) A ) A Fe** area
0.2 04094+0.007 0584+0.02 03374+0.019 105+0.04 35.48
0.4 0411+£0005 054+0.02 0376+0.010 087+0.06 59.47
0.6 0401+0002 Q54+0.02 0391+0.002 085+ 0.02 77.32
0.8 0395+0.001 0554+0.01 03894+0.002 088+0.01 89.06

1.0 0382+0.001 057+£0.01 0379+0.002 092+0.01 100.0

of pseudobrookite. This observation immediately allows us to rule out fully ordered metal
distributions.

The site occupancies of Fein this solid solution series based orossbauer analysis are
shown in figure 3. According to Wyckoff [12] and the neutron structure refinement below,
the two metal sites in RL&iOs5 are octahedrally coordinated with different distortions. The 4c
sites are surrounded by a fairly regular octahedron of oxygen ions at distances between 1.90 A
and 1.99 A, while the 8f sites occupy a strongly distorted oxygen octahedron with four of the
oxygen ions forming a tetrahedron at distances between 1.83 A and 1.97 A, with the remaining
two situated at a distance of 2.31 A. The isomer shifts and quadrupole splittings (listed in
table 1) for FeTiOs are typical of high-spin F&. For this configuration, increasing distortion
from a regular octahedron leads to a smaller quadrupole splitting [23]. Accordingly we assign
the 68% of F&" in FeTibOs to the 4c site because of their larger quadrupole splitting. Hence
68% of the 4c site is occupied by #eons, and 16% of the 8f. This distribution is a long
way from the 33% expected for a random distribution and will be confirmed by the neutron
diffraction data below.

The Fé* site preferences in ;& Os obtained from Myssbauer analysis are 38(3)% and
62(5)%. Following the same reasoning as fof'Fave assign the larger quadrupole splitting to
the more regular site. This places 38% ofFa the 4c site and makes the site occupancy 77%.

If we reverse the assignment and put the 38% into the 8f site, this requires that the remaining
62% of the F&" occupies the 4c site and the filling of this site reaches an unreasonable 124%.
Cruzet al[18] assumed that the recoil-free fractions of the two sites were vastly different in
order to justify this latter site assignment. As we will show below, the agreement between the
neutron and Mssbauer site occupations requires no such assumptions, and we conclude that
77% of the 4c site is occupied by Feand 62% of the 8f. While the Bssbauer occupations

are each within error of the 67% expected from random occupation, the neutron diffraction
results confirm the observed bias.

Neutrons provide a better probe of the crystal structure for several reasons. They are
more penetrating so they are less affected by surface effects. The larger samples used can
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Figure 3. F&** site occupancies derived from the fits to théddbauer spectra. Data for FgeDi
(x = 0) after correction for the presence of ulvospinel and ilmenite are shownaasls;. The
solid lines were obtained by combining the?Féraction expected from the stoichiometry with the
site occupancies derived from refinement of the neutron diffraction patterns. They are not fits.

1+x T2 _x05 7

[Av] [Av] w
o (9] o

Counts (1[04)
—_
)

[
o

15 25 35 45
2 U (degrees)

Figure 4. Typical neutron diffraction patterns for g Tio—, Os. The changing distribution of Fe
and Ti can be seen through the evolving intensities of the reflection§ an2®4, and the doublet
at 35.

be more readily randomized (they were also rotated during the measurement) so that texture
effects can be minimized making a more detailed analysis of line intensities possible. The
scattering lengths of Fe and Ti are both large and of opposite sjga< —3.44 x 10726 m?,

br. = +9.45 x 1072 m?) making the contrast between these two species extremely large.
Typical neutron diffraction patterns at room temperature are shown in figure 4 for the series,
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Figure 5. Neutron diffraction pattern for R&iOs. Data are indicated by the +, and calculated
pattern by the solid line. The difference pattern is shown at the bottom. The location of reflections
is indicated by the small vertical bars.

while figure 5 shows the results of a GSAS fit for the- 1 sample. The cell parameters and
atomic locations derived from the fits are given in table 2. No extra low-angle reflections
were observed, allowing us to rule out a monoclinic structure [20,21] and the intensity
refinements confirm the x-ray anddgsbauer conclusion of an orthorhombic cell. As the
Fe** content increases, the unit cell parameters become smallandc decrease slightly
while b decreases more rapidly. Naturally, the unit cell parameters are associated with the
effective ionic radii in the oxides, and as the’Feontent increases from FeOs to FeTiOs,

the substitution process, #et Ti** — 2F¢e**, must occur simultaneously. The effective
ionic radii of the cations [24] are 0.77 A for Eehigh spin, 0.65 A for F& low spin and

0.61 A for Ti*". As a result of the substitution of Eeand T by 2Fé€*, the unit cell
parameters gradually decrease from L6%ito FeTiOs. This continuous variation of cell
parameters suggests that the basic pseudobrookite structure is retained throughout the solid
solution series.

The extreme scattering contrast between Fe and Ti allows the chemical composition of
the samples to be determined with great accuracy (typically bettertB&). This feature
provides a robust check of our site and structure determination—if we have the incorrect cell
parameters or space group, it is unlikely that we would be able to get the chemistry right.
However, as is clear from figure 6, the analysis of the neutron diffraction data accurately yields
the expected chemical composition in all cases.

Having established the correct crystal structure and chemical composition of the samples,
we proceed to the final phase of the analysis: the determination of the site occupancies. The
results in figure 7 show that the 4c site always contains more Fe than the 8f, and that the
additional iron introduced asincreases from 0 to 1 is accommodated primarily in the 8f site.
The compositional dependences of the two site occupancies are approximately linaardin
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Table 2. The unit cell parameters and atomic positions derived from analysis of the neutron
diffraction patterns. Values shown in parentheses are estimated standard deviation in the least
significant decimal place.

Unit cell parameters

x a (R) b (A) c(R) Vol. (A3)
0.0 9.8081(7) 10.0710(8) 3.7503(3)  370.44
0.2 9.7936(3)  10.0430(3) 3.7466(1)  368.50
0.4 9.7859(3)  10.0219(3) 3.7445(1)  367.24
0.6 9.7834(4)  9.9982(4) 3.7394(2)  365.77
0.8 9.7914(4)  9.9898(4) 3.7377(2)  365.60
1.0 9.7933(5)  9.9786(5) 3.7318(2)  364.69
Atomic positions
FeTiOs FeThOsg
Sites X y z X y z
Mi(40) 0.1884(8) 1 0 0.1922(10) % 0
M2(8f)  0.1367(7) 0.5649(7) 0 0.1315(22) 0.5619(23) O
Oi(40)  0.7617(8) 1 0 0.7805(8) % 0
02(8f;) 0.0480(6) 0.1167(5) 0 0.0458(6)  0.1134(6) O
03(8f) 0.3108(6) 0.0709(5) O 0.3138(7) 0.0633(6) O
2.0 T e
FeyxTi2 05 r:
—_ 4
o
>
£1.6 o -
%]
R g
(2]
-
]
E1.2 & -
1 1 1
1.2 1.6 2.0
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Figure 6. Comparison of iron contents derived from fitting the neutron diffraction patterns with
those expected from the stoichiometry. The dotted line is simply a line of slope 1.

can be expressed as:

Sac = 0.682(7) + 0.04(1)x 4)

Sgr = 0.158(3) + 0.482(6)x (5)
wheresS,. andSg; are the site occupancies in the 4c and 8f sites, respectively. It is clear from
figure 7 that the Fe distribution is neither perfectly ordered nor particularly random. There is a
clear bias towards Fe occupation of the 4c site that persists across the whole composition range,

although the distribution does tend towards random with increasin@ur site occupations
are in closest agreement with thedsbauer results of Grey and Ward [19].
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Figure 7. Fe site occupancies based on neutron diffraction dataf Fe_,Os. The solid lines
are linearly fitted results.

The site occupations presented in figure 7 confirm those assignments made earlier for
the Mossbauer data. For example, the 72% occupancy of the 4c by FgliitOgendicates
that 36% of the total Fe is in this site, a result that is in perfect agreement with the338
obtained from the Mssbauer data for the same site. Moreover, we can combine equations (3),
(4) and (5) to calculate the Eesite occupancies in the 4c and 8f sites for comparison with the
Mdssbauer data. The results of this analysis are shown as solid lines in figure 3. We emphasize
that these lines are not fits: they are derived from the confirmed stoichiometry (equation (3))
and the fitted neutron site occupancies (equations (4) and (5)) assuming thanBeFé*
exhibit identical site biases. The remarkable agreement between the neutroroasioaMer
results requires that the recoil-free fractions of the two sites are closely similar, as would
be expected for iron atoms in similar environments, and in complete disagreement with the
assumption of Cruet al [18]. Furthermore, the site preferences of Fend Fé* must be the
same.

4. Conclusion

We have systematically investigated the solid solution series, He_,0s, 0 < x < 1, by
means of x-ray diffraction, Kssbauer spectroscopy and neutron diffraction; the excellent
agreement among the various results allows us to conclude the following.

(i) The Fa.Ti,_,0s5, 0 < x < 1, solid solution series has an orthorhombic unit cell,
containing four formula units per cell with space grouﬁ Cmcm). No evidence for a
monoclinic structure was found under our experimental conditions.

(il) Fe strongly prefers to occupy the 4c site, but moves into the 8f siteiasreases. At no
composition do we observe a random occupation of the two sites.

(iii) There is no significant difference between the’Fand Fé" site preferences.

(iv) The agreement between thedsksbauer and neutron data on site occupations indicates that
the recoil-free fractions for iron in the two sites are essentially the same.
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