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Four synthetic iron titanium oxides with the pseudobrookite (A&OS, Cmcm, Z = 4) structure have 
been prepared and characterized by neutron diffraction and zero-field, natural abundance 57Fe Moss- 
bauer effect spectroscopy (MES). The combination of the element specificity of MES with the different 
neutron scattering lengths of Ti and Fe (-0.33 and 0.95 x lo-‘* cm, respectively) offers a unique 
opportunity to distinguish between cation distributions on the two (“A” and “B”) sites. Two of the 
samples have been prepared in low temperature experiments (quenched from 1200°C) and have the 
stoichiometry FeTi205, and Fe,nMg,~Ti,,s05. The third and fourth samples are commercial iron titanium 
oxides prepared by the reduction of ilmenite ore with carbon above 1700°C. The stoichiometries of 
these samples are Mn,,05Fe0.,~Ti2,520S and Fe,13Mg,s,Ti2,3, 0 Results from these experiments indicate 5. 
that for each of these samples the B site is predominantly (>65%) occupied by Ti, while the A site 
contains a mixture of Ti, Fe, and/or Mg. However, only at higher temperatures (>17OO”C) is the B site 
devoid of ferrous cations. These results suggest that an “ordered” model for ferrous titanium-rich 
oxides of the pseudobrookite structure (100% Ti occupancy of the B site) is descriptive only at elevated 
temperatures, and that at lower temperatures a “disordered” model (partial iron occupation of the B 
site) is a more accurate representation of the structure. Because of this difference, it may be possible 
to predict the thermal history of naturally occurring samples based on cation distributions. o 1990 
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Introduction conditions it has been possible to quench 
synthetic metastable materials that contain 

The iron titanium oxide phase diagram is Fe2 + and Ti3 + cations within the same oxide 
rich in compounds (FeTi,O,, Fe,TiO,, lattice (thermodynamically unstable at room 
Fe,TiO,, FeTiO,, . . .), owing to the diver- temperature with respect to Fe’, Ti4+). The 
sity of oxidation states of the cations (Fe*+, parent structure for these compounds is 
Fe3+, Ti4+, Ti3+) (l-7). Under reducing pseudobrookite, originally described by 
0022-4596/M $3.00 334 
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FIG. 1. Representation of the octahedral coordination polyhedra of the pseudobrookite (A&OS) struc- 
ture as viewed down a. A single chain of edge and corner-shared octahehra are shown. All cations lie 
on a mirror plane in the bc plane (at u = 114). A sites are located on lines defined by the intersection 
of this mirror plane with mirror planes in the ab plane (at c = l/4, 3/4 indicated in the figure). A sites 
share octahedron edges with B sites in sets of three. B sites are on the outside of each set of three edge- 
shared octahedra. The structure is generated by translating these chains by l/2 unit cell in the a and 
b directions. Outlines of the unit cell are shown. 

Pauling (2). It was identified in the 
TiO,-Fe0 phase diagram some time ago (3) 
and has since been identified as the structure 
for a number of titanium-containing com- 
pounds with the M,O, stoichiometry (4-7). 
These materials have also been found in na- 
ture (8, 9) wherein a combination of reduc- 
ing and rapid quenching conditions exist. 
Figure 1 contains a graphical representation 
of the pseudobrookite AB,O, structure with 
4 A and 8 B sites within the unit cell (one- 
half of the unit cell contents are shown). 

This work describes the variety of metal 
cation distributions that can be accommo- 
dated by iron titanium oxide phases with the 
pseudobrookite structure synthesized under 
two different reducing conditions and tem- 
peratures. The decomposition of these 
metastable materials at elevated tempera- 
tures is also described. Accordingly, a total 
of four samples were prepared and charac- 
terized. Two materials (nominally FeTi,O, 
and (Fe,,Mg,,)Ti,O,) were prepared in a 
“low temperature” (T = 1200°C) synthesis, 

wherein the reducing conditions were 
strictly controlled; and two additional mate- 
rials were prepared at higher temperatures 
(T > 1700°C) utilizing a commercial process 
wherein conditions as reducing as possible 
were maintained. 

The four samples were characterized by 
powder neutron diffraction, and zero-field, 
natural abundance 57Fe Mossbauer effect 
spectroscopy (MES) measurements; results 
are described here. In an accompanying arti- 
cle, a description of the chemistry and kinet- 
ics of the decomposition of the materials is 
given. 

Neutron diffraction was utilized for this 
study because of the advantages this tech- 
nique offers over X-ray diffraction: the most 
important of which is due to the difference 
in scattering physics between the two tech- 
niques. X-rays are scattered by electron 
density, and, since Ti and Fe are surrounded 
by approximately the same number of elec- 
trons, they are difficult to accurately distin- 
guish in an X-ray diffraction experiment. In 
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neutron scattering experiments, however, 
nuclei scatter neutrons and the neutron scat- 
tering lengths of the elements in question 
(0.95 x 10-r* cm for Fe and -0.33 x 10-l’ 
cm for Ti) differ significantly in magnitude 
and also have different signs. This makes 
characterizing the elemental distributions of 
the cation sites straightforward. Neutron 
diffraction analysis, combined with the ele- 
ment specificity of MES, is uniquely suited 
to decipher the cation distributions within 
the materials studied here. Conversely, the 
similarity of the X-ray scattering factor 
functions of Ti and Fe ensure that similar 
studies based on X-ray diffraction analysis 
will have considerably larger errors than re- 
sults of neutron diffraction analysis dis- 
cussed here. 

Rietveld analysis (ZO), used to extract 
structural information from the neutron dif- 
fraction data, is a least-squares technique 
wherein crystallographic models for the 
structures present in the sample, in addition 
to models for the diffractogram background, 
Bragg peak shapes, scale factors, extinc- 
tion, and absorption, are adjusted to fit the 
entire observed diffraction pattern. It is the 
strength of this technique to provide accu- 
rate structural data (assuming sufficient in- 
strument resolution) on powdered samples. 
This information can also be obtained in the 
presence of additional phases. 

Experimental 

Synthesis of I and II were performed in 
sealed, evacuated quartz tubes. The pres- 
ence of Fe in each tube controled the oxida- 
tion states of the metals in the product com- 
pounds. 

Synthesis of(Z) “FeTi20s.” Into a quartz 
tube was placed a mixture of 2.662 g of 
Fe,O, (0.0167 moles), 0.931 g of Fe (0.0167 
moles), and 7.990 g of TiO, (0.10 moles). 
This quartz tube was sealed under vacuum 
(100 mTorr) and placed in a furnace at 
1200°C. After 16 hr (overnight), the tube was 

dropped from the furnace into an ice-water 
bath. X-ray diffraction analysis indicated 
the presence of ilmenite, pseudobrookite, 
and rutile phases. This mixture was then 
reground and once again placed in a sealed 
evacuated tube held at 12OO”C, followed by 
an ice-water quench. This procedure was 
repeated until diffraction analysis indicated 
that there was no change in the phase com- 
position of the resultant mixture. Phases 
corresponding to pseudobrookite and t-utile 
(TiO, at approximately the 1 wt% level) 
structures are present in the final mixture. 
The total time at 1200°C was 48 hr. 

Synthesis of (ZZ) “Fe,5Mg,,Ti20,.” Into a 
quartz tube was placed 2.129 g of Fe,O, 
(0.0133 moles), 0.745 g of Fe (0.0133 moles), 
1.612 g of MgO (0.04 moles), and 12.784 g of 
TiO, (0.16 moles). The synthesis procedure 
was identical to that utilized for FeTi,O, and 
was repeated until consecutive heat treat- 
ments showed no change (according to X- 
ray diffraction analysis). The total time at 
1200°C was 58 hr. Phases corresponding to 
pseudobrookite and rutile (at approximately 
the lo-15 wt% level) were present at the 
conclusion of the procedure. 

Samples slag III and slag IV are commer- 
cial iron (magnesium) titanium oxide com- 
pounds. The commercial preparation of 
these samples involves the reduction of il- 
menite with carbon at elevated (T > 1700°C) 
temperatures. The process is roughly de- 
scribed by the following equation: 

2FeTi0, + C + CO + FeTi,OS + Fe. (1) 

At the synthesis temperatures, molten Fe is 
easily separated from the slag (FeTi,O,). 
For samples III and IV, carbon in excess of 
that described by Eq. (1) was used in the 
reaction, producing a titanium-rich, Fe, --x 
Ti,+.05, material that is nearly 100% pure. 
X-ray diffraction analysis indicates that the 
major impurities in these samples are rutile 
and metallic iron (at very low levels, <l 
wt%) . 

The difference between samples slag III 
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and slag IV is the presence of significant 
amounts of Mg in the starting material for IV 
and small amounts of Mn in III. Elemental 
analyses (XRF) of III and IV yield the fol- 
lowing stoichiometries (based on 5 oxygen 
atoms): Ti2.s2~edh.o@s and TL 
Fe,,,,Mg,,,,OS, respectively. 

Neutron diffraction measurements. 
Time-of-flight (TOF) neutron diffraction 
data were collected at ambient temperature 
and pressure at Argonne National Labora- 
tory with the IPNS (Intense Pulsed Neutron 
Source) on the speciai environment powder 
diffractometer (SEPD) or the general pur- 
pose powder diffractometer (GPPD). Data 
from the backscattering detectors (20 = 
1500) were used in the refinements as this is 
the highest resolution data available from 
each instrument (ca. 0.3%). In the TOF 
technique, the sample, detector, and source 
are fixed and neutrons of differing wave- 
lengths are detected. The data are binned 
from 5000 to 30,000 in 5-psec intervals (Ad 
= 5 x 10m5 for the GPPD, Ad = 7 x lo-’ 
for the SEPD). Each sample was contained 
within a l/2-in.-diameter seamless vana- 
dium tube, capped at both ends with alumi- 
num plugs. Details of the instrument and the 
data collection and data analysis software 
package have been previously published 
(II). Analysis of the data was performed 
with a Rietveld profile least-squares pro- 
gram adapted for time-of-flight neutron data 
and multiphase samples. Starting structural 
parameters for the least-squares process 
were taken from the open literature. For the 
ferrous pseudobrookite structure, a crystai- 
lographic model isostructural with that of 
ferric pseudobrookite was chosen (2) 
(Cmcm, two metal sites, metal atoms at 4c 
100% Ti, 0% Fe = 0.0, 0.19, 0.25, and 8f 
50% Ti, 50% Fe = 0.0, 0.135, 0.56.) In the 
following discussion, the 4c cation site is 
designated as “A” and the 8f cation site as 
“B.” The same model was chosen for the 
magnesium-ferrous pseudobrookite phase. 
In the least-squares refinement, only the 

scale factors and background parameters 
were initially allowed to vary. Upon conver- 
gence, more parameters were allowed to 
vary until, for the final cycles of refinement, 
all reasonable parameters were allowed to 
vary. They include thermal and atomic posi- 
tional parameters, unit cell constants, back- 
ground, absorption, extinction, and peak 
shape parameters. In addition to these, oc- 
cupation parameters of the metal sites were 
also allowed to vary as if each were a Ti 
atom. This is equivalent to refining the scat- 
tering length because the algebraic sum of 
the individual scatterers can be readily cal- 
culated. The oxygen sites were assumed to 
be 100% occupied. Scattering lengths used 
in subsequent calculations are - 0.33 for Ti, 
0.95 for Fe, 0.52 for Mg, - 0.36 for Mn, and 
0.575 (x lo-i2 cm) for 0. 

After analysis of the diffraction data, the 
Mossbauer effect data (vide infra) were ana- 
lyzed. Based on these data, a model for 
three cations distributed over the two dis- 
tinct crystallographic oxygen octahedra was 
considered. Initially, both the thermal pa- 
rameters for the cation sites in FeTi,O, and 
FeMgTi,O,, were allowed to vary anios- 
tropically. The shape of these resulting ther- 
mal ellipsoids suggested that for the A sites 
there could be two distinct cation sites 
within the oxygen octahedron. Accordingly 
a model was refined that placed two (half 
weighted) isotropically vibrating nucleii 
within the A octahedron separated by 0.5 
A in positions. Least-squares refinement of 
these models for data sets I and II converged 
to models in which there were two distinct 
cation sites within the “A” octahedron of 
oxygen atoms. However, the estimated 
standard deviations in the atomic positional 
parameters of these sites indicated that they 
were not significantly different. Therefore a 
model consisting of only two crystailo- 
graphic cation sites is applicable. 

For samples I and II small amounts of 
t-utile (TiO,) and for slag IV metallic iron 
were detected. Cell, positional @utile), and 
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II SPACING 

FIG. 2. A portion of the neutron diffraction data for sample I. Raw data are represented by points, and 
the calculated plot by a line. A difference plot is presented at the top of the figure. Tick marks indicate 
the positions of Bragg peaks. Note that two phases are evident. Bragg peaks from the majority phase 
(pseudobrookite) are indicated by short tick marks, whereas those from t-utile by long tick marks. 

thermal parameters for this phases were also 
allowed to vary. All refinements converged 
rapidly. Final plots showing the raw diffrac- 
tion data, calculated data, and difference 
plots are given in Figs. 2-5. 

Mossbauer effect measurements. The 
zero-field, natural abundance iron-57 Moss- 
bauer effect data were collected on the finely 
powdered samples (I-IV), supported be- 
tween boron nitride plates (1 in.-diameter x 
0.025 in.-thick PDS BN-975, Standard Oil 
Engineered Materials). The sample masses 
(ca. 0.26-0.398) were adjusted to obtain thin 
absorbers, ca. 1.04-I. 17/(plp), where p/p is 
the nonresonant electronic mass absorption 
coefficient (cm2/g) at 14.41 keV (12). A 
Ranger Scientific MS-900 Mossbauer effect 
spectrometer was employed for transmis- 
sion measurements. The source (ca. 10 mCi 
cobalt-57 diffused into rhodium foil; Amers- 
ham) and samples were maintained at room 
temperature. The MS-900 was operated in 
the constant-acceleration mode using a tri- 

angular (symmetric) waveform to drive the 
Ranger Scientific VT-1200 velocity trans- 
ducer. Velocity calibration over the range 0 
or 6 mm/set was maintained by use of a 
natural iron, a-Fe, absorber foil (0.025 mm 
thick); all isomer shifts are quoted relative 
to natural iron at room temperature. The 
zero velocity calibration (i.e., 0 mm/set iso- 
mer shift) was taken as the midpoint of the 
inner four reasonances of the iron foil. A 
linear velocity scale was used for the veloc- 
ity per channel (mm/sec/ch) conversion 
over the entire range. A Reuter-Stokes pro- 
portional counter (fill gas: 97% Kr-3% 
CO,), fitted to a Ranger Scientific preampli- 
fier (PA-900) and 1024 channel multichannel 
analyzer/scaler, was used for the y-ray de- 
tection. The entire MS-900 system was con- 
trolled with an IBM AT personal computer. 
All Mossbauer effect data were recorded to 
a suitable background level of ca. 700,000 
counts per channel (before folding). The pri- 
mary experimental data were first folded 
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FIG. 3. Neutron data for sample II. Raw data are represented by points, and the calculated plot by a 
line. A difference plot is presented at the top of the figure. Tick marks indicate the positions of Bragg 
peaks. Note that two phases are evident. Bragg peaks from the majority phase (pseudobrookite) are 
indicated by short tick marks, whereas those from rutile by long tick marks. 
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FIG. 4. Neutron data for slag III. Data are presented as in the legends to Figs. 2 and 3. Bragg peak 
positions for iron (a trace impurity) are indicated with the longest tick marks. 
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and then fit with both Lorentzian line shapes 
and additive Lorentzian and Gaussian line 
shapes. Estimated standard deviations for 
isomer shifts, quadrupole splittings, and 
FWHM (full width at half maximum) line 
widths are 0.02 mmlsec. 

Results and Discussions 

The phases present in materials isolated 
from the commercial production of titania 
slags have been described elsewhere (13). In 
addition to a titanium-rich pseudobrookite 
phase, M,-xTi2+xOS (M = Fe, Mg), very 
small amounts of iron, iron sulfide, ulvos- 
pine1 (Fe,TiO,), and an amorphous silicate 
phase are also present in slags III and IV. 
Despite the differences in synthesis condi- 
tions, all four of the samples discussed 
herein are similar in that the major phase 
of each is of the pseudobrookite structure. 
Table II summarizes the diffraction data on 
samples I-IV. In contrast to the slag sam- 
ples, the only impurities in I and II are TiOz 
(estimated to be approximately 1 and lo-15 
mol%, respectively), and traces of metallic 
iron (detected by MES). The materials pre- 
pared here are metastable phases at room 
temperature and their synthesis requires 
quenching from elevated (> 1200°C) temper- 
atures. This is confirmed by the conditions 
required for the synthesis of these materials. 
For example, mixtures of Fe, Fe203, and 
TiO, (molar ratio 1 : 1 : 6) that are allowed to 
cool to room temperature from 1200°C over 
a period of hours yield a mixture of FeTiO, 
and TiO,: no pseudobrookite phase is de- 
tected by X-ray diffraction. Quenching the 
same mixture from 1200°C produces a mate- 
rial with pseudobrookite as its major constit- 
uent (by X-ray diffraction). These observa- 
tions are consistent with thermodynamic 
estimates of the stability of M2+TiZ05 mate- 
rials. For example, it has been shown that 
at temperatures below 1400”K, FeTi,O, is 
unstable with respect to FeTiO, and TiOz 
(14). Accordingly, for the four samples ana- 

lyzed in this report conditions were chosen 
to provide the most rapid quenching pos- 
sible . 

The gross structural features of the pseu- 
dobrookite (A&O,) structure have been re- 
ported (4-7). While the nearest cations (sec- 
ond nearest neighbors) to the B sites are 
both A and B cations, the eight nearest 
(within 3.25 A) cations to the A sites are all 
B sites. Figure 1 shows a representation of 
the structure, which is related to the rutile 
structure. Removing oxygens from the rutile 
structure (stoichiometry MO,) and introduc- 
ing shear planes gives rise to the pseudo- 
brookite structure (15) (stoichiometry 
M,O,). The metal oxygen octahedra of this 
structure are quite asymmetric (see Table 
IV for a listing of bond distances in the mate- 
rials studied here), and a number of cations 
of differing oxidation states can be accom- 
modated in the structure. For example, 
T&OS, Fe,TiO,, Fe, -xTi,+.O, (.76 > x > l), 
and (Mg,_,Fe,)Ti,OS (0 < x < 1) have the 
pseudobrookite structure. A number of syn- 
thetic and naturally occurring iron titanium 
and iron-magnesium titanium oxides having 
the pseudobrookite structure with differing 
cation distributions have been described in 
the literature (1,2,4-8). Some of this struc- 
tural work is noteworthy and will be dis- 
cussed in detail. 

Wechsler (6) has used single crystal X- 
ray diffraction data to characterize single 
crystals of a material isolated from a mixture 
of composition Fe/Mg/Ti/O/ = l/1/4/10 at 
elevated temperatures. In a least-squares 
analysis of the diffraction data, the occupan- 
cies of Fe and Mg were arbitrarily con- 
strained to be identical (this fixes the Fe 
and Mg occupancies to be the same on each 
cation site). In a quenched sample, Wech- 
sler reports the distribution of cations to be 
33.2% Fe, 33.2% Mg, and 33.5% Ti on the 
A site and 8.4% Fe, 8.4% Mg, and 83.2% Ti 
on the B site (6). After heating the sample 
to 1 100°C Wechsler further reports that the 
B site becomes slightly more Ti rich (occu- 
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FIG. 5. Neutron data for slag IV. Data are presented as in the legends to Figs. 2 and 3. No rutile was 
detected in this sample. The major peaks for the only impurity phase detected with the diffraction data 
(iron) are indicated in the figure with long tick marks. This phase was not included in the fit. 

TABLE I 

RESULTS OFRIETVELD REFINEMENTS FOR I,II, AND SLAGS III AND IV” 

1 11 Slag III6 Slag IVb 

R w wof(%) 
&,I(%) 
R expecL.(%o) 
Data/parameter ratio 
Data d-range (A) 
sia’ 
& 
aRudh 
CRulik(A) 
ah&Q 

5.1 4.9 6.6 7.4 
3.8 3.6 4.2 4.6 
3.5 3.6 2.1 2.8 

169 142 145 122 
0.6-2.7 0.6-2.7 0.8-3.6 0.9-3.6 

-0.68 - 1.34 - 0.93 -0.80 
1.6 9.4 10.3 11.6 
4.594(2) 4.5938(3) 4.6015(3) - 
2.959(2) 2.9595(3) 2.9647(3) - 

- - 2.870(4) - 

n Pseudobrookite phase, space group Cmcm, Z = 4, rutile phase space group P4$mnm, Z = 2, iron phase 
space group ZmJm, Z = 2. Unit cell constants are given in Table VI. 

b A trace of iron metal was noted in this sample. 
c Broadening of the function describing the Bragg peak profile (sig) is a function of d-value and is given by sig 

= sig0 + sigl * d. The peak shape is a convolution of this function with two exponential (instrumentally 
determined) functions. 
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TABLE II 

FINAL ATOMIC PARAMETERSFORTHE PSEUOOBROOKITE PHASES 

Pseudobrookite I (“FeT&O,“) Pseudobrookite I1 (“FeMgTi,O,,“) 

Atom X Y Z x Y Z 

A(4c)” 0 .1912(2) l/4 0 .1909(4) l/4 
B@f 1 0 .1343(4) .5627(4) 0 .127(9) .527(5) 
0, 0 .7801(2) 114 0 .7685(2) 114 
02 0 .0462(l) .1145(l) 0 .0472(2) .1157(l) 
03 0 .3135(l) .0636(l) 0 .3110(l) .0690( 1) 

Slag III Slag IV 

A(4c) 0 .1775(23) 114 0 .1914(11) II4 
B@f) 0 .1353(3) .5631(4) 0 .1346(4) .5636(4) 
01 0 .7772(2) l/4 0 .7177(3) 114 
02 0 .0457(2) .1161(2) 0 .0440(2) .1152(2) 
03 0 .3133(2) .0657(2) 0 .3139(2) .0637(2) 

Thermal parameters’ 
Atom site Bll B22 333 B,2 B13 B23 

1-A .0073(9) .0005(2) .0007(l) 0 0 0 
I-B .0029(22) .0018(4) .0019(4) 0 0 .000(3) 
II-A .0061(19) .0010(3) .OOl l(3) 0 0 0 
II-B -.004(19) .015(6) -.005(3) 0 0 -.01(3) 
III-A,B 0.55(S) 
IV-A,B 0.40(9) 

n The atomic positions for the rutile (TiOz) phases are not extraordinary and are not reported here. 
b Cations for I and II were modeled with anisotropic thermal parameters. For I and II the oxygen thermal 

parameters were constrained to be identical (converging to 0.95(4) and 0.83(3), respectively). For III and IV 
isotropic thermal parameters for all atoms were used, and the oxygen atom values converged to 0.40(3) and 
0.51(3) for III and IV, respectively. 

panty = 91%) at the expense of the A site 
(6). Unfortunately, this is a compromised 
experiment. As noted above, X-ray diffrac- 
tion data are not particularly sensitive to 
the distribution of Ti and Fe in oxides. The 
similarity of the scattering of X-rays by Fe 
and Ti makes it extremely difficult to distin- 
guish these elements even in a well-designed 
X-ray scattering experiment without using 
radiation near the absorption edge of one 
of the two elements. Additionally, the data 
collected on the samples was of marginal 
quality (80% decomposition of the crystal 
was noted at the termination of the experi- 

ment) and apparently no analysis was made 
to determine the composition of the crystal 
(the cation composition in the least squares 
was constrained to adhere to I : 1 : 4, Fe/ 
Mg/Ti). This latter fact is noteworthy be- 
cause our work has shown that mixtures of 
the molar ratio Mg/Fe/Ti/O l/1/4/10 when 
held at 1200°C yield TiO, and a titanium- 
poor Mg,5+xFe,S+xTi2-2r05 phase. 

Smyth (5) has used single crystal and mi- 
croprobe analysis of crystals isolated from 
polished sections of moon rocks to attempt 
to determine the cation distributions in natu- 
rally occurring magnesium ferrous pseudo- 
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brookite phases. In the subsequent least- 
squares analysis of his single crystal data 
set, Smyth considered three models: (1) an 
“ordered” model (50% Fe, 50% Mg on the A 
site; 100% Ti on the B site); (2) a “disor- 
dered” model (17% Fe, 16% Mg, 67% Ti on 
the A site; 17% Fe, 16% Mg, 67% Ti on the 
B site), and (3) a “deficient” model (48% 
Mg on the A site; 100% Ti on the B site). Of 
these three models, Smyth determined that 
the ordered model gave the best fit to the 
diffraction data. In addition to suffering 
from a lack of sensitivity of Fe and Ti distri- 
butions inherent to X-ray diffraction data, 
this analysis only provides information 
about the three cation distributions consid- 
ered. Rather than providing evidence for the 
“ordered” model, it can, at best, only elimi- 
nate the other two models considered. 

In the results discussed below, it will be 
shown that the application of neutron dif- 
fraction and Mossbauer effect spectroscopy 
to ferrous titanium oxides of the pseudo- 
brookite structure eliminates the uncertaint- 
ies inherent in the X-ray diffraction work 
discussed above. 

Mossbauer effect data. The zero-field, 
natural abundance j7Fe Mossbauer effect 
spectra for samples I and II and slags III and 
IV are shown as the dotted curves in Figs. 
6a, 6b, 6c, and 6d, respectively. Analyses 
of these spectra reveal three different fer- 
rous ion sites for samples I and II, and two 
different ones for slags III and IV. Further- 
more, for slags III and IV, the Mossbauer 
effect data reveal a trace amount of metallic 
iron, and, for sample II, a trace ferric impu- 
rity. These data were fit with three doublets 
(I and II) and two doublets (slags III and IV) 
of fully Lorentzian line shapes. The Lo- 
rentzian fits shown in Figs. 6a-6d as solid 
curves are clearly inadequate near the base- 
line on the low and high velocity edges of 
the intense resonances at ca. -0.5 and 2.6 
mm/set, respectively. Also, the minimum 
between the two intense, asymmetric reso- 
nances at ca. 0.0 and 2.0 mm/set for sample 

I is not particularly fitted well. A significant 
improvement in the goodness of fits was ob- 
tained through statistical optimization of the 
line shape for each spectrum. An additive 
Lorentzian-Gaussian line shape, with an 
optimum Lorentzian contribution of some 
60% and a Gaussian contribution of 40%, 
was found to produce excellent fits to the 
ferrous ion doublets. Similar line shape fit- 
ting effects were noted in an 57Fe MES study 
of ferrous/ferric ion ratios in borosilicate 
glasses: the most ferrous-containing glasses 
had the greatest Gaussian contribution (ca. 
40%) to the line shape of the quadrupole 
split Fe *+ doublets (16). 

The pertinent Mossbauer effect parame- 
ters (i.e., isomer shifts, quadrupole split- 
tings, and line widths) from the fully Lo- 
rentzian fits are presented in Table III along 
with those data of Grey and Ward (1). The 
corresponding parameters from the fits with 
Lorentzian-Gaussian line shapes were not 
significantly different from those in Table 
III. The data of Table III reveal both similar- 
ities and differences in the coordination of 
Fe2+ in the four samples. The common fea- 
tures of samples I and II are the occurrence 
of three similar quadrupole split doublets. 
Since no other iron-containing phases have 
been identified from the diffraction data 
(only pseudobrookite and rutile phases are 
observed), this suggests that there are three 
ferrous ion sites in the pseudobrookite 
phase. However, the commonly accepted 
structural model for pseudobrookite phases 
contains two cation sites and this has been 
confirmed with the diffraction data analysis 
described herein. A possible explanation of 
this apparent discrepancy lies in the interac- 
tion between the ferrous ions located on the 
A site and the A site second nearest neigh- 
bors. As discussed above, the eight nearest 
A site cations are all B cations, and two 
quadrupole split doublets would result from 
ferrous ions at the A site if there were two 
different average distributions of B cations 
(i.e., Ti and Fe for I; Mg, Ti, and Fe for II) 
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FIG. 6. j7Fe Mossbauer effect data for (a) sample I, (b) sample II, (c) slag III, and(d) slag IV. Raw data 
is represented by points, and calculated data by a line. The calculated data was obtained from a least- 
squares fit of fully Lorentzian line shapes to the raw data. For a and b (I and II, respectively), the data 
is best fit by three quadrupole split doublets, and for c and d (slags III and IV, respectively) by two 
quadrupole split doublets with a 60% Lorentzian-40% Gaussian line shape. 

about the A site. 57Fe Mossbauer effect data 
recorded by Grey and Ward (1) for materials 
whose compositions are similar to those dis- 
cussed here (see Table III) provide support 
for this model. 

Based on this analysis and consideration 
of the neutron diffraction data (vide infra), 
we assign the three quadrupole split dou- 
blets of samples I and II to two ferrous sites 
within the pseudobrookite structure: one is 
the B site, and the other is the A site, which 
apparently has two different B cation distri- 
butions about it. This model implies that 
there may be some short-range order about 
the A site that is not reflected in the Bragg 
data. 

As shown in Figs. 6c and 6d, the Moss- 
bauer effect spectra for slags III and IV, 
respectively, share common features as 

well. Each spectrum consists of two quad- 
rupole split doublets with similar isomer 
shifts and quadrupole splittings (see Table 
III). The intense, outer doublets are identi- 
cal to those for I and II, and are character- 
istic of high-spin Fe2+, 8, ions in the 
pseudobrookite lattice. The weak, inner 
doublets are typical of ulvospinel, Fe,TiO, 
(17). Under the high temperatures and re- 
ducing conditions employed in the ilmenite 
ore smelting process, it is easy to envision 
the production of minor amounts of this 
reduced material. 

The common feature of all four “Fe Moss- 
bauer effect spectra (cf. Figs. 6a-6d) is a 
quadrupole split doublet with an isomer shift 
of ca. 1.06 mm/set and a quadrupole split- 
ting of ca. 3.16 mm/set. Since the common 
phase for all samples is pseudobrookite, this 



STRUCTURAL STUDIES OF FERROUS TITANIUM OXIDES 345 

TABLE III 
RESULTS OF LEAST-SQUARES FITS OF LORENTZIAN LINE SHAPES TO MOSSBAUER EFFECT DATA’ 

Fourfold (A) Fourfold (A) Eightfold (B) 
site site site 

Sample 
Isomer Quad. Isomer Quad. Isomer Quad. 
shift’ split FWHM shiftb split FWHM shif? split FWHM 

I 1.06 3.16 0.21 1 .Ol 2.12 0.49 1.01 1.31 0.54 
Rel. populations’ 30 42 28 
II 1.06 3.14 0.30 1.07 2.20 0.49 1.05 1.63 0.45 
Rel. populations’ 58 28 14 
slag IIId 1.06 3.07 0.30 
slag IVd 1.05 3.16 0.28 

Isomer Quad. Isomer Quad. Isomer Quad. 
shifth split FWHM shiftb split FWHM shift’ split FWHM 

FeTitOse 1.07’ 3.24 0.29 1.04? 2.19 0.94 
Feo.2TidY 1.08’ 2.85 0.35 l.OIP 2.19 0.37 1.06’ 1.36 0.35 

a Units for isomer shift, quadrupole splitting, and FWHM line widths are millimeters per second. Estimated 
standard deviations for these parameters are 0.02 mmisec. 

b All isomer shifts are relative to natural iron, a-Fe, at room temperature. 
c Based on integrated areas of the doublets. Estimated standard deviations are 5%. 
d For slags III and IV, two other iron environments were observed in the Mossbauer effect spectra: (1) a 

doublet pattern (isomer shift = 1.03, quadrupole splitting = 1.80) characteristic of ulvospinel, Fe2TiOJ, and a 
sextet pattern with an isomer shift (0.0 mm/set) and magnetic hyperfine interaction that are characteristic of 
elemental iron. This latter assignment is in agreement with the diffraction data. 

p Data from Ref. (I). The quadrupole splitting values reported in Ref. (1) have been doubled to correspond to 
the convention utilized here. To facilitate the comparison of isomer shifts reported in Ref. (I) (with a 57Co/Pd 
source) with those reported here (57Co/Rh source), 0.15 mm/set was added to those data of Ref. (I). FeTizOS 
from Ref. (1) is of the pseudobrookite structure: Feo,zTi2.s0c is monoclinic with three crystallographically distinct 
metal sites. 

confirms the assignment of this doublet to 
one cation site (A site) in the pseudobrookite 
lattice. The major difference between the 
Mossbauer effect data for the four samples 
(ignoring nonpseudobrookite phases) is the 
existence of three Fe*+ quadrupole split 
doublets for each of I and II and only one 
for slags III and IV. This result demon- 
strates that whereas the ferrous ions in III 
and IV are located on a single cation site 
within the pseudobrookite structure, they 
are distributed over both cation sites for I 
and II. 

Neutron diffraction data. Table IV lists 
the neutron scattering lengths of the two 

observed pseudobrookite cation sites of 
samples I-IV. An examination of the calcu- 
lated data at the bottom of Table IV clearly 
illustrates the advantage in using neutron 
diffraction data to distinguish site composi- 
tions in these materials. The total neutron 
scattering length of each site is determined 
by the algebraic sum of the individual scat- 
terers occupying that site. Due to the wide 
disparity in scattering lengths of Fe and Ti 
atoms, the site scattering length accurately 
indicates the elemental composition. Mod- 
els with differing cation occupations in the 
A&O, structure are illustrated at the bottom 
of Table IV. Examination of these model 
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TABLE IV 

METAL DISTRIBUTIONS OF CATION SITES IN A&O5 FROM 
NEUTRON DIFFRACTION DATA 

Sample/A&O5 A site (X lo’* cm) B site (X lOI* cm) 
stoichiometry” scattering length scattering length 

A. Experimental data’ 
I 0.57(l) 

(Fe.,Ti.3o)(Fe.23Ti,.77)0~ (0.57) 
II 0.34(l) 

(Fe.STi.S)(Mg.,Fe,,Ti,.~))OSb (0.31) 
Slag III 0.09( 1) 

(Mn,osFeo.33Tio.52)(Tiz.oo)OS (0.12) 
Slag IV 0.26(l) 

(Mg.21Fe33Ti.46)(Ti,.wMgo.1)05 (0.28) 

-0.18(l) 
(-0.18) 
-0.02(l) 

(-0.01) 
-0.33(l) 

(-0.33) 
-0.29(2) 

(-0.29) 

B. Calculated data on model compounds 
FeTi20S 0.95 
MgTizOS 0.52 
Ti(FeTi)Os -0.33 
(Fe.gTi.,)(Fe.,Ti,.9)05 0.82 

-0.33 
-0.33 

0.62 
-0.27 

U Experimentally determined scattering lengths (assuming 100% cation and anion 
occupancy) are given with estimated standard deviations in parentheses. Neutron 
scattering lengths are (x lOI* cm) Fe, 0.95; Mg, 0.52; Ti, -0.33; Mn, -0.36. Total unit 
cell scattering lengths for the model compounds are calculated by multiplying the site 
scattering length by 4 (A site) or 8 (B site). The scattering lengths given in parentheses 
under the experimentally determined values are those calculated based on the composi- 
tions given in the table. 

b Reliance on the Mossbauer effect data to determine the relative ratios of iron 
located on the A and B sites reduces the precision of the cation distribution for this 
material. 

compounds indicates that even small differ- 
ences in cation distribution (such as FeTi,OS 
versus (Fe,,Ti,,)(Ti,,,FeO,l)OJ can easily be 
distinguished. 

Cation-oxygen distances are reported in 
Table V. The gross symmetries of the two 
cation sites are preserved in the four com- 
pounds examined here. The B site (m sym- 
metry) and the A site (mm symmetry) are 
both significantly distorted from ideal octa- 
hedral symmetry. Sample II and slag IV are 
similar in cation sizes (Table V) and unit cell 
dimensions (Tables I and VI). This is not 
surprising in light of the similarities in com- 
position of the compounds. It is interesting 
to note that the large difference in neutron 
scattering lengths between Fe and Ti, which 

allows the precise determination of cation 
distributions, can be detrimental in deter- 
mining accurate cation-oxygen distances. 
This is especially true in those cases where 
the algebraic sum of the scattering lengths 
approaches zero, as is realized for the B site 
in sample II (“FeMgTi,O,,,” see Table IV). 
Since the total scattering length of this site 
is quite small (-0.02), the resultant cat- 
ion-oxygen distances are determined im- 
precisely. Compared to the other three sam- 
ples, it is noteworthy that the A site of the 
slag III sample is the largest, and the most 
distorted. This material also possesses the 
largest unit cell (see Table I). 

Cation distributions within the pseudo- 
brookite structure. The first conclusion to 
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TABLE V 

CATION-OXYGEN DISTANCES (IN A) IN SAMPLES I-IV (AB,OJ 

“FeTizOS” 
I 

“FeMgTi,O,,,” 
II 

Mn.d+.33Ti2.57Q 
Slag III 

Mg.3Pe.32Ti2.3705 
Slag IV 

A site” 
M-O 

Average 
d mm - 4, 
B site’ 
M-O 

Average 
d max - 4, 

1.968 1.942 1.862 1.972 (x2) 
2.068 2.017 2.128 2.061 (x2) 
2.227 2.156 2.278 2.156 (x2) 
2.087 2.038 2.119 2.063 
0.26 0.21 0.42 0.18 
1.847 1.9 1.851 1.818 
2.068 2.017 2.128 2.061 (x 2) 
1.981 1.6 2.000 1.997 
2.064 2.4 2.061 2.054 
2.170 2.0 2.169 2.164 
1.991 2.0 1.999 1.998 
0.32 0.8 0.32 0.35 

(1 Estimated standard deviations for metal oxgen distances is 0.003-0.006 in all cases except for the B site of 
FeMgTi,O,O. The A site possess mm symmetry, the B site m symmetry. 

h Because the total scattering length of the B site for FeMgTi,O,, is significantly smaller than the scattering 
lengths of any of the other sites (see Table IV), the estimated standard deviation for the reported bond distance 
is much greater (by approximately 50). 

be drawn regarding cation distributions site to be 100% or almost 100% Ti occupied. 
based on the neutron diffraction data (Table Therefore, only slags III and IV can be de- 
IV) is that for all the samples of this study, scribed as having an “ordered” (5,6) cation 
the B site is predominantly occupied by Ti. distribution (B site 100% Ti), whereas the 
Only for the slag samples (III and IV), how- other two samples examined here are all, to 
ever, is the scattering length of the B site some degree, “disordered” (B site signifi- 
sufficiently negative to justify assigning this cantly less than 100% Ti). 

TABLE VI 

COMPARISON OF THE LATTICE PARAMETERS OF I-IV TO LATTICE PARAMETERS OF 
Fe,-,Ti2+,05 FROM REF. (I) 

Composition 44 c/a Volume (A3) 

I (“FeTi205”) 
II (“FeMgTi,O,,“) 
Slag III 
Slag IV 
From Ref. (I) 
FeTi205 
Fe.9ThO5 
Fe.73Ti2.2705 
Fe.aTb@5 
Fe.~Ti@~ 
Fe.45Ti2.5505 

3.7498 9.8057 10.0675 2.685 370.17 
3.7413 9.7659 9.9946 2.671 365.17 
3.7828 9.7938 10.0280 2.651 371.52 
3.7629 9.7556 10.0151 2.662 367.65 

3.757 9.790 10.079 2.683 370.7 
3.763 9.794 10.054 2.672 370.5 
3.771 9.792 10.051 2.665 371.1 
3.782 9.788 10.041 2.656 371.6 
3.781 9.798 10.020 2.650 371.2 
3.785 9.798 10.013 2.645 371.3 
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By judicious use of the diffraction and 
Mossbauer effect data, cation distributions 
in these materails can be ascertained. For I 
(“FeTiz05”), since only two cations (Fe, Ti) 
are present, calculation of the cation distri- 
butions on the basis of the neutron data is 
straightforward. The results reported in Ta- 
ble IV assume no cation or anion vacancies. 
Based on this distribution, the Mossbauer 
effect reasonances can be assigned. The 
doublet with the largest quadrupole splitting 
is assigned to the A site (this is the only Fe’+ 
site in the pseudobrookite lattice noted by 
use of MES for slags III and IV, and the 
diffraction data clearly place iron at this 
site). In order for the MES populations to 
agree with Fe/Ti distributions as determined 
by the neutron data, the Mossbauer effect 
resonances with the next largest quadrupole 
splitting must also be assigned to ferrous 
ions within the A octahedron of oxygen 
anions. The remaining doublet is assigned 
to a single site within the B octahedron. 

For sample II, the distribution of three 
cations between two sites presents an appar- 
ently unsolvable algebraic problem for the 
neutron data. However, now that the Moss- 
bauer effect signals have been assigned, the 
distribution of ferrous ions between the A 
and B sites can be assigned. By constraining 
the A site to have approximately six times 
the ferrous population as the B site (28), the 
diffraction data can be used to assign cation 
distributions. The approximate stoichiome- 
try is presented in Table IV. 

For slag III, the similarity of Mn and Ti 
neutron scattering lengths (-0.36 x IO-” 
and - 0.33 x IO-i2 cm, respectively) makes 
the assignment of cation distributions on the 
basis of site scattering lengths alone impos- 
sible. However, the preference of Mn for 
tetrahedral sites in manganese titanium ox- 
ides, coupled with the unusual degree of 
distortion of the A site for slag III (as noted 
above this is the largest and most distorted 
of the A sites for the materials studied 
herein), is a strong argument for placing Mn 

at the A site. Examples of reduced titanium 
manganese oxides with manganese in either 
extremely asymmetric octahedral or tetra- 
hedral sites are Mn,TiO, and MnTi,O, (19). 
Assuming this to be true, site B is then 100% 
Ti occupied and all iron must be located on 
the A site. This is confirmed by the Moss- 
bauer effect data which indicates that all the 
iron in the pseudobrookite structure for slag 
III is located on a single site. This relegates 
all the iron, and a mixture of Mn and Ti, to 
the A site. If we fix the amount of Mn, Ti, 
and Fe located at the A site (from the ele- 
mental composition), the calculated scatter- 
ing length for this site is 0.12 x lo-i2 cm. 
This is within 3 standard deviations of the 
observed neutron scattering length. This 
material is unique with regard to the other 
three samples in that it (a) contains manga- 
nese and (b) is apparently cation deficient, 
since the occupancies of the A site do not 
add to 1.0. 

In a similar manner, the cation distribu- 
tions of sample slag IV can also be calcu- 
lated. The Mossbauer effect data indicate 
that there is only one type of ferrous ion in 
the pseudobrookite structure. Since all the 
iron is located at a single site (site A), Mg 
must be distributed between both metal 
sites. Since there are two metals at site B 
(Mg and Ti) one can calculate the site popu- 
lation assuming 100% total (Mg + Ti) occu- 
pation. Placing the balance of Mg, Fe, and 
Ti at site A, the calculated scattering length 
for site A is 0.28 x IO-l2 cm. Again, this is 
within 3 standard deviations of the observed 
neutron scattering length (0.26 x lo-l2 cm). 

The Mg ion distributions for II and IV 
differ significantly from that of iron. This is 
noteworthy because earlier crystallographic 
site refinements of iron magnesium titanium 
oxides of the pseudobrookite structure 
based on X-ray diffraction data have always 
assumed that iron and magnesium occupan- 
cies for any given site are equal (5, 6). The 
results presented here demonstrate that this 
is an erroneous assumption. 
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An earlier study by Grey and Ward (I) 
of the solid-solution of FeTi,OS/Ti,Ofi, in 
which X-ray diffraction and Mossbauer ef- 
fect spectroscopy were utilized to charac- 
terize a range of compounds (Fe, -xTi,+,O,, 
0 < x < l), can be compared with the results 
of sample I (Table VI). For the series x = 
0.55 tox = 0, the trends in the lattice param- 
eters a, b, and c are 3.785 to 3.757,9.798 to 
9.790, and 10.013 to 10.079, respectively. It 
is clear that I (“Fe Ti,O,, ” a = 3.7498, b = 
9.8057, c = 10.0675 A) does not fall in the 
range of elemental composition studied by 
Grey and Ward. This is further supported 
by the presence of very small amounts of 
TiO, found in the mixtures examined herein, 
suggesting that the compounds I and II are 
iron rich with respect to the “as prepared” 
stoichiometries. These differences make the 
direct comparison of Mossbauer effect data 
(three quadrupoie split doublets for I and II) 
from the two experiments problematical. 

Interestingly enough, the cell parameters 
of “Fe,.,,Ti,.,,O,” of Grey and Ward (I) 
closely match those of slag III 
(Mn.,sFe.,,Ti,.s,Os). For Feo.45Ti2.&s, 75% 
of the iron (Fe,,,,) was identified as located 
on the “A” site; this agrees exactly with the 
total ferrous ion population found on site A 
for slag III, the only difference between the 
materials being the Mn occupation of site B 
(in place of iron). 

Summary 

Four iron titanium oxide compounds 
(M,-,Ti,+,OS, -0.1 < x < 0.52, M = Fe, 
Mg, Mn) possessing the pseudobrookite 
(AB,O,) structure have been synthesized 
under two different sets of conditions at two 
temperatures (1200 and >17OO”C). For the 
materials prepared at the lower temperature 
the B site is predominantly, but not lOO%, 
occupied by Ti, while the A sites contain 
Fe, Ti, Mg, Mn, or a mixture thereof. Thus 
a “disordered” model best describes these 
low temperature structures. Additionally, it 
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has been found that Mg and Fe occupancies 
of the A and B site are not identical. 

At elevated synthesis temperatures 
(> 1700°C) under reducing conditions, 
Mossbauer effect data indicate that no iron 
is found at the “B” site. Only at these higher 
temperatures can an “ordered” model be 
considered an accurate description of the 
cation distributions in these compounds. 
These results suggest that the thermody- 
namics that determine cation distributions 
in these materials is temperature dependent 
in the 1200-1700°C range, and that an accu- 
rate determination of the correct cation dis- 
tributions (via neutron diffraction and/or 
MES) would determine the thermal history 
of naturally occurring ferrous titanium 
oxides. 
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