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ABSTRACT

A natural single crystal of titanomaghemite from Pretoria, South Africa, conlaining 8.62
wit% T and 54.36 wt% Fe as determined by electron-microprobe analysis, has been studied
by X-ray diffraction and Mgssbauer speciroscopy. A crystal-siructure parameter refine-
ment of this titanomaghemile was undertaken, and values for the atom positions, aniso-
ropic thermal parameiers, and bond lengths are reperted (R = 0.0235). The lattice 1s
primitive cubic (g = 8.341(1) A) with space group P4,32 {or the enantiomorphous P4,32).
Studies of this sample, and of two powder samples of synthetic end-member maghemite,
using s"Fe Madssbauer spectroscopy al 300 K and 4.2 K and in 2 longitudinal applied
magnetic field of 4.2 T, indicaie that for the end-member y-Fe,0, samples, cation vacan-
cies are restricted to octahedral sites. Combined single-crystal X-ray studies and Mbss-
bauer spectroscopy of the titanomaghemite have given the following structural formula:

Fed 30, 0s[Fed 1Fed 3, Tid40,.5,10%,

where O represents a cation vacancy. As the above formula shows, there are cation va-
cancies ¢n both tetrahedral and octahedral sites in this titanomaghemite, the majority
being on the octahedral sites. We believe the evidence of the Mdssbauer spectra poinis to
Fe*+ on the octahedral site. Méssbauer parameters are reported for the end-member
v-Fe,O, samples and the titanomaghemite, and the cation and vacancy distributions on

the sites in the Jatter are discussed in the light of previously published models.

INTRODUCTION

Maghemite, v-Fe,0,, was first reported as a natural
species by Sosman and Posnjak (1925), who also noted
the similarity of its X-ray powder-diffraction pattern to
that of magnetite. It soon became evident that maghemite
occurs in nature as a low-temperature oxidalion product
of magnetite and that it can be produced in the laboratory
by magnelite oxidation. Many natural magnetites contain
significant amounts of T, and these titanomagnetites may
undergo oxidation to form titanomaghemites. In the ti-
lanomaghemites, therefore, both Fe = Ti substitution and
the substitution of vacancies for Fe atoms occurs.

Uncertainty remains as (0 the precise symmetry and
structure of end-member maghemite and as to the struc-
ture and cation and vacancy distributions in titanomag-
hemites. Notable among more recent studies is that of
Smith (1979), undertaken on natural material using elec-
tron diffraction. Here the structure was found to be sim-
ilar to that of ordered lithium ferrite (LiFe,O,) as deter-
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mined by Braun (1952), with the vacancies taking the
place of the Li atoms; the space group was found to be
one of the enantiomorphous pair P4,32-P4,32. In the
present work, Mossbauver studies of end-member mag-
hemites and a titanomaghemite, along with a structure
parameter refinement using new X-ray diflraction data
from the titagomaghemite are reported. The resulls are
discussed with reference to proposed models for the cat-
ion distribution in titanomaghemites,

Bauminger et al. (1961) and Kelly et al. (1961) made
the first S"Fe Massbauer studies of y-Fe,O;. They found
that the subspectra produced by Fe'~ on tetrahedral and
oclahedral sites completely overlap ai room temperature,
giving a single six-peak hyperfine pattern. Armstrong et
al. (1966) demonstrated that it is possible to separaie these
two sublattice contributions by the application of an ex-
ternal magnetic field. From the intensity ratic between
the 1wo subspectra, they estimated the numbers of Fe
atoms on octahedral and tetrahedral sites and suggested
that the vacancies are restricted to octahedral sites.
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SAMPLE MATERIAL

A natural specimen of “maghemite” was obtained from
the Brtish Museum (Natural History). This sample
(BM1929,1687), from Pretoria, South Africa, appeared
10 contain some relatively pure, single crystals of mag-
hemite and to be ideally suited for detailed study.

In addilion, (wo finely powdered samples of synthetic
v-Fe,0, (samples M1 and M2) were available for com-
parative studies. These samples had been used in pre-
vious studies by other workers (Greaves, 1983; Cormack
and Price, 1985) angd were, therefore, reasonably well
characterized.

EXPERIMENTAL PROCEDURES

Specimen BM1929,1687 was made up of a number of grains,
several of which were mounted and polished for examination
using reflected-light microscopy. Standard lechniques were em-
ployed (as described in Craig and Vaughan, 1981). This materia)
was also analyzed using the electron microprobe. A Cambridge
Microscan 5 instrument operating at 15-kV accelerating voltage
was used: pure Fe, Cr, and Ti metals, and pure synthetic Al,O,,
MgO, Mn,0,, and CaSi0Q, were employed as standards, and the
raw data were correcied by using the procedures described by
Sweatman and Long (1969).

The M3asbauer ellect in Fe (YFe) was studied in all samples.
The equipment used consisted of the Harwell spectrometer drive
and counter systems coupled to the Ino-Tech 5200 multichannel
analyzer utilizing 512 channels for daia collection. The y-ray
source was *’Co in a Rh matrix. Fe foil was used in calibration,
and all isomer shifts are quoted relative to the center of gravity
of the spectrum of pure Fe as zero velocity. Computer fitling of
spectra was undenaken vsing the procedurcs described by Long-
worth (1984). Specimens were powders (prepared by grinding
under acelone where necessary), spread out 10 a disc of thickness
such that the average sample concentration was 25 mg-cm=2,

A fragment of specimen BM1929,1687 was ground into a
sphere of radius 0.20(5) mm uvsing an air-driven grinder based
on that described by Bond (1951). This spherical fragment was
then mounted on an Enraf-Nonius cAp-4 automalted diffractom-
eter. and inlegrated X-ray intensities were cotlecied a1 room tem-
perature, employing the «—26 scan technique. The radiation used
was MoKe (A = 0.710 69 A), monochromatized afier reflec-
tion by pyrolitic graphite with a monochromator angle 6, =
6.05°. The X-ray tube was operated at 40 kV and 20 mA. As
further discussed below, these X-ray data were used for a crystal-
structure parameter refinement employing the crysialiographic
least-squares program CrRYLsQ from (he software package X-RAY74
(Stewan el al., 1974),

RESULTS
Composition of specimen BM1929,1687

Examination of a bulk section of specimen
BM1929,1687 using refected light microscopy showed it
to be essentially homogeneous, although in some areas a
small amount (~4%) of an additional phase was ob-
served. Unlike the maghemite, which is isotropic, this
brownish-gray phase was strongly anisotropic and exhib-
iled weak reflection pleochroism. These properties are
characteristic of ilmenite, an identification confirmed by
electron-microprobe analysis. Electron-microprobe anal-
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ysis of the major phase that makes up specimen
BM1929.1687 confirmed that it was essentially homo-
geneous and contained, in addition to oxygen, detectable
amounts of Fe and Ti. The elements Si, Al, Mg, Ca, Cr,
and Mn were checked for bul not detected. An average
of 10 spot analyses gave a composilion of 54.36 wi% Fe
and 8.82 wi1% Ti; the specimen was therefore identified
as a titanomaghemite.

Mossbauer data

Maossbauer spectra of maghemite specimens M1 and
M2 were obtained at room iemperature and also at 4.2
K in a longitudinal magnetic field of 4.2 T. The room-
temperature spectrum of specimen M1 is shown in Figure
1. The spectra of both M1 and M2 are made up essen-
tially of two six-peak hyperfine patterns, arising from Fe
on tetrahedral and octahedral sites in the structure. There
is also a third six-peak subspectrum of very low intensity
(~4% of the total area) with parameters showing it is a
small amount of e-Fe,0; impurity. The Méssbauer pa-
rameters (Table 1) show thai all of the Fe is present as
Felv: these parameters are in reasonable agreement with
the results of previous workers (see Table 1). The good-
ness of fit (x?) value was 1.5 for the spectrum of M1 (Fig.
1) and 1.0 for M2. However, the resolution of contribu-
1ions from A and B sites was not adequate 1o have much
confidence in relative areas obtained.

In order 1o improve the resolution of the subspectra
due to Fe’* on tetrahedral and octahedral sites, spectra
were recorded for specimens M! and M2 at 4.2 K in a
longitudinal magnetic field of 4.2 T. The two major hy-
perfine patlerns clearly seen in Figure 2 indicate the pres-
ence of two magnetic substructures with antiparallel spins.
The Mdassbaver parameters for the two subspectra are
presented in Table 1; assignment of these subspectra to
Fe’* on octahedral and tetrahedral sites was possible be-
cause the (outer) peaks arising from the minority (tetra-
hedral) site are clearly of lower intensity. The goodness
of fit (x?) for the spectrum of specimen M1 shown in
Figure 2 was 1.8, and that of specimen M2 was 1.0.

Site occupancies of the Fe atoms in maghemite may be
determined from the areas under the M@ssbauer peaks,
provided that (as here) the absorber is thin, the temper-
ature is low, and the recoil-free fractions of Fe on tetra-
hedral and oclahedral sites are equal. The lasi assumption
was experimentally investigated by Sawatzky et al. (1969),
who studied the recoil-free fraction of Fe in tetrahedral
and octahedral sites in the spinel structure and found a
ratio for tetrahedral (o octahedral sites of 0.94(2) at room
temperature and 0.99(1) at near absolute zero. Thus, at
low temperature, the recoil-free fractions from Fe+ on
tetrahedral and octahedral sites can be assumed to be
equal, and peak intensilies can be used to estimate the
ratio of Fe*~ {ons on tetrahedral and octahedral sites (Ta-
ble 1). For M1 and M2, this ratio is [ound to be 0.65(5).
If all of the vacancies are located on octahedral sites, this
value would be 0.6; if all are located on tetrahedral sites,
the ratio would be 0.33, and if the vacancies are equally
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Fig. 1. Mbssbauer spectrum of maghemite specimen M1 at
room (emperature. In this fgure and Figs. 2, 3, and 4, the solid
Jines represent leasi-squares fits of data points to supedim posed
Lorenizian curves (shown dashed), and the zero of the velocily
scale is (he center of gravity of the spectrum of Fe (oil al room
lemperature.

distributed between the two sites, then the ratio would
be 0.5. The result found here suggests that, within exper-
imental error, the cation vacancies in maghemite speci-
mens M1 and M2 are restricted to octahedral sites.

The titanomaghemile specimen (BM1925,1687) was
also studied at room temperature and at 4.2 K in 2 Jon-
gitudinal magnetic field of 4.2 T, and the spectra are shown
in Figures 3 and 4. The room-temperature spectrum (Fig.
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Fig. 2. Mbdssbauer spectrum of maghemite specimen M1 at
4.2 K in a longitudinal magnetic field of 4.2 T,

3) can be fitted to three six-peak hyperfine patterns along
with iwo quadrupole doublets. The first of these doublets
has an isomer shift of 1.063(5) mm s-' and a quadru-
pole splitting of 0.476(5) mm-s—!; the second has an iso-
mer shift of 0.365(5) mm-s—' and quadrupole splitting of
0.360(5) mm-s~'. These parameiers, in conjunction with
the optical and analytical data mentioned above, enable
these features to be assigned to a small amount of hemo-
ilmenite impurily, i.e., 10 a phase of composition (1 — x)
FeTiO,-xFe,O, containing both Fe*+ and Fe’* ions, The
Mdssbauer parameters of three hyperfine patterns re-

TasLe 1. Mdssbauer parameters for maghemite specimens M1 and M2 along with the data of previous
workers
. Hyperline Isomer Quadrupole
Sitsand  Temp field shifi splitting Relative arsa
ion (K) (kOs) (rom-s7%) (mm-s™") (%) Reference
AandB 300 505{20) 0.34(5) — — Bauminger et al. (1961)
Aand 8 300 496(20) 0.32(9) —_ — Kelly et al. (1961)
A 300 498 0.35 —_ —_ 1
8 505 0.48 _ _ _: Coey st al. (1871)
A 42 488(5) 0.36(4) — - |
8 499(5) 0.50(4) _ _ I Armstrong et al, (1868)
Specimen M1
A(Fe) 300 4B8(5) 0.304(5) -0.011(5) 23 (normelized)
B(Fet) 300 501(5) 0.324(5) 0.008(5) 77
Specimen M1 in a fieldof 4.2 T
A (Fe*) 42 553(5) 0.348(5) 0.015(5) 40
B (Fe™) 4.2 490(5) 0.489(5) -0.000(5) 60 ,
This work
Specimen M2
A (Fe*) 300 498(5) 0.281(5) —-0.002(5) 25 (normalized)
8 (Fe*) 300 504(5) 0.338(5) -0.021(5) 74
Specimen M2ina freldol 42T
A (Fe**) 42 554(5) 0.356(5) 0.003(5) 39
B (Fe*') 42 491(5) 0.487(5) 0.002(5) 61
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Fig. 3. Mbossbauer spectrum of titanomaghemite specimen

BM1929,1687 at room temperature.

maining after removal of these impurily peaks, and hence
atiributable to the tilanomaghemite, are given in Table
2. Such broad Méssbauer lines are hard to fit uniquely,
and initially attempts were made to fit Lorentzian lines
in the usual way; these values are shown first in Table 2.

TaBLE 2. Mbssbaver parameters for maghemite specimen
BM1829,1687 with cation distribution and structural

formula
Rela-
Hyperfing Isomer Quadrupole tive
Site and Temp Refd shitl splitting area
10n {K) {kO¢) (mm-s) {mm-g-9) (%)
A (Fe*) 300 491(5) 0.352(5)  —0.003(5) 26
(489) [10.304}
B (Fe*) 504(5) 0.338(5) -0.021(5) 60
(505) [0.341]
B (Fe*) 489(5) 0.281(5) -0.002(5) 14
[455) [0-496]
In an external field of 4.2 T
A (Fe*) 4.2 551(5) 0.364(5) 0.012(5) 41
[551] (0.382)
8 (Fe*) 492(5) 0.514(5) —0.028(5) 48
[492] (0.501)
8 (Fe&**) 433(5) 0.406(5) 0.069(5) 11
{433) (0.508)
No. of lons n
formula
(32 oxygens/
OxlIge W% unit cell)
Fe,0; (Let) 34.49 7.78
Fe,O, (oct.) 35.06 7.1
FeO (ocL) 7.36 1.84
TiO, (oct.) 14.71 3.32

Number of cation vacancies by difference = 3.15; hence the structura!
formula is

Fei b o Pt Fed s T )04
where 00 = vacancy.

Note: Parameters @ square brackets refer 1o altsrnative fitting using &
Gaussian distribution of Lorentzian lines; sée text for discussion.
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Fig. 4. Mdssbauer spectrum of titanomaghemite specimen
BM1929,1687 at 4.2 K in a longitudinal magnetic field 0f 4.2 T.

However, it was felt that a more realistic approach was
to use 2 Gaussian distribution of Lorentzian lines (Voigi
particies) as would be expected where the hyperfine field
is disturbed in a random fashion as in a vacancy-con-
taining phase such as maghemite. The values obtained in
this way are also shown in Table 2 (in square brackets).
The first two subspectra listed are interpreted as arising
from Fe2~ ions 1n tetrahedral (A site) and octahedral (B
site) coordination and have hyperfine fields and isomer
shifts consistent with this interpretation. The third sub-
spectrum is interpreted as arising from Fe*r on the oc-
tahedral sites, chiefly on the basis of the hyperfine field
(455 kQOe) that 1s a more reliably determinable parameter
in such complex spectra. Although the evidence for Fe**
1§ not conclusive, we believe this to be the mosi reason-
able inlerpretation of the data.

In order to improve resolution of the tetrahedral- and
octahedral-site subspectra and determine site populations
in this specimen with reasonable accuracy, the spectrum
was again recorded at 4.2 K in an external field (Fig. 4).
Fitting of this spectrum to Lorentzian lines gave the pa-
rameters in Table 2 with a x? value of 1.1. Again, some-
what different parameters were obtained using the alter-
native method of fitting (Voigt particles) and accord with
our assignment of letrahedral- and octahedral-site Fe’~
and octahedral-site Fe?+, these values are given in square
brackets in Table 2. However, the relative areas obtained
for the three subspectra did not differ significantly re-
gardless of the method of fitting. In order 1o propose a
cation-distribution model for the specimen, it was nec-
essary to assume that all of the Ti*~ occurs on octahedral
sites. This assumption is i agreement with neutron-dif-
fraction studies (e.g., Ishikawa et al., 1971), magnetic
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measurements (O'Rejlly and Banerjee, 1965; Stephenson,
1969), and the theoretical models discussed elsewhere in
this paper, all of which indicate that Ti¢~ occupies only
octahedral sites in titanomagnetites and tilanomaghem-
ites. Initially, it was also assumed that the amount of Fei+
occupying tetrahedral sites is the same as in end-member
maghemite (i.e., 24.12 wt%), a reasonable first approxi-
mation since the relalive areas of tetrahedral-site sub-
spectra, afier removal of impurity peaks, for maghemiie
specimen M1 of 39.53 and specimen M2 of 39.43 both
agree, within experimental error. with that of 40.38 found
for titanomaghemite BM1929,1687. The remaining Fe
(determined from microprobe analysis) was then assigned
to the octahedral site and divided belween Fe2+ and Fe?*
in the ratio 48.35:11.27, given by the relative areas of the
relevant peaks in the Md&ssbauer spectra. By this proce-
dure, as summarized in Table 2, a structural formula for
this titanomaghemite specimen was calculated.

X-ray data

A preliminary examination of titanomaghemite speci-
men BM1929,1687 using the cap-4 diffractometer indi-
cated that the Bravais lattice i1s primitive cubic and the
reflections observed are consistent with the space group
P4,32 (or P4,32). No reflections of the type {h00) with
h = 2n, e.g., 002 and 006, were observed; and so the
alternative space group P2,3 was immediately ruled out.
The space group P4,32 was therefore used in a crystal-
structure refinement employing the X-ray intensity data
collected from this speciren.

All reflections in one hemisphere of reciprocal space
out to an angle of § = 30° were collected, using a scan
time of 3.33 deg-min—', giving a total of 3543 non~Frie-
del related reflections. Under P4,32 symmetry, reflec-
tions of the type {h00} with & = 2n are systematically
absent; these reflections werc still measured as a check to
ensure that they really are of zero intensity. In fact, re-
flections of this type were found to be absent.

During data collecuion, intensity control was main-
tained using the reflections 511, 533, and 844, and on-
entation control using 444, 713, and 844. Afier measur-
ing every 200 reflections, the diffractometer returned and
measured the intensity of the three intensity-control re-
flections. Any fall-off in the intensity of these standards
detected was then employed to correct all intensities, us-
ing linear inierpolation to the control reflections. The three
orientation-control reflections were measured every 7200
s of X-ray exposure time and allowed the difiractometer
to check the crystal orientation, and if necessary, stop
dawa collection if the crystal was found to have moved
significantly from 115 original position.

It has been cstablished that the titanomaghemite spec-
imen is primitive cubic, this means that many of the ob-
served intensities are crystallographically equivalent. In
the measurements reported here, one hemisphere of re-
ciprocal space was examined; therefore reflections of the
general form {hk/} contain 24 equivalents. whereas {Ak0)
and {(hhf) reflections contain 12, {Ah0} reflections contain

6, {hhh} reflections contain 4, and {400} reflections con-
1ain only 3 equivalents. The original list of 3543 observed
integrated intensities could therefore be collected into
groups and reduced 10 197 independent reflections by
averaging the equivalents within a group.

Refinement of the structure parameiters was carried out
with the crystallographic least-squares program CRYLSQ.
To being with, only reflections with intermediate-range
intensities were used so that approximate values for the
scale faclor could be found. Initial parameters for atom
positions and anisotropic temperature factors were taken
from those published by Tomas et al. (1983) for ordered
LiFe,0;. This compound is found to have the same space
group and a very similar arrangement of atoms to that of
maghemite (Braun, 1952).

The least-squares refinement gave a very small extine-
tion correction (or g factor) of 0.05(1)x10% This result
indicates that the arrangement of the mosaic blocks with-
in the crystal is such as 1o approach that of the ideally
imperfect crystal as described by Zachariasen (1967). The
averaged intensities were then corrected for secondary
extinction using the above g factar.

Il was also necessary to employ a weighting scheme
that downweights low-angle and strong reflections but al-
lows more emphasis 10 be placed on the weak high-angle
data that is more sensitive to atom positions. Atomic
scattering factors for Fe**, Fe?+, and Ti'* ions were taken
from the International Tables for X-Ray Crystallography
(1952), and those for O~ from Tokonami (1965). Real
and imaginary parts of the dispersion correction were tak-
en from the International Tables for X-Ray Crysiallog-
raphy (1952). Absorption corrections applied were those
given by Weber (1969) [or spherical crystals. Least-squares
refinements were repeated until optimized values had been
found for scale, the seven atom positions, and 16 tem-
perature factors (Tables 3 and 4).

Under P4,32 symmetry, two separate octahedral sites
exist; these are represented in Table 3 by the symbols
Fe(]) and Fe(3), with positions 12(d) and 4(b), respec-
tively. The presence of three different types ol cations
(Fe*~, Fe?**, and Ti*v) and cation vacancies on the two
unique octahedral sjtes, along with the similarity in scat-
lering factors for the three ions, meant that it was im-
possible to determine, with any degree of accuracy, the
precise distribution of individual cations between these
two octahedral sites.

In order to simplify this problem, it was necessary to
make several assumptions, justifiable because the precise
distribution of individual cations on each of the two oc-
tahedral sites does not have to be known to determine
the overall symmetry of the specimen or the vacancy dis-
tribution between tetrahedral and octahedral sites. No
peaks corresponding to tetrahedral Fe?* were observed in
the M8ssbauer study, and the presence of Fe** and, in
pariicular, Ti'+ on tetrahedral sites is unlikely. Thus, ini-
tially it was assumed that the tetrahedral sites were oc-
cupied by 8 Fe~ ions. The population parameter for this
site was then refined and converged on a value of 0.96(2),
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TagLE 3. Atom positions

Atom Position x y z
Titanomaghemite specmen BM1929,1687, (a = 8.341 = 0.001 A)
Fe(h) 12(d) 0.12500 0.36623(6) —0.11623(6)
Fe(2) 8{c ~0.00444(6) - 0.00444(6) —0.00444(6)
00) 8(c) 0.3862(3) 0,3882(3) 0.3862(3)
0l2) 24{e) 0.1179(3) 0.1304(3) 0.3837(3)
Fe(d) 4{b) 0.62500 0.82500 0.62500
Synthetic LIFe;0, (Tomas et al., 1983)
Fe(1) 12(0) 0.12500 0.36735(6) —0.11735(8)
Fe(2) B(c) ~0.00235(7) ~0.00235(7) —0.00235(7)
o) 8(¢) 0.3853(3) 0.3853(3) 0.3853(3)
0(2) 24(e) 0.1166(3) 0.7284(3) 0.3839(3)
Li(1) 4(b) 0.62500 0.62500 0.62500
Synthstic LIALO, (Famery 8t al,, 1979)
AX) 12(d) 0.1250 0.3686(1) —0.1186{1)
AN2) 8(c) —0,025(1) -0.025(1) —0.025(1)
o) 8(c) 0.3859(1) 0.3859(1) 0.3859(1)
0[2) 24(e) 0.1146{1) 0.1329(1) 03847(1)
Gi(1) 4(b) 0.6250 0.6250 0.6250

indicating the presence of 4% tetrahedral vacancies, that
is 7.67 Fe** 1etrahedral calions per unit cell, a value in
very good agreement with that of 7.78 found in the M8ss-
bauer work. The numbers of octahedral Fe*+, Fe’r, and
Ti* cations and cation vacancies were taken to be 1.84,
7.91, 3.32, and 2.93, respectively (the values found in the
Mdssbauer and microprobe studies). As a first approxi-
mation, it was assumed that 2.67 cation vacancies were
present on the Fe(3) octahedral site. This is the number
of cation vacancies present on this site in end-member
maghemite and is therefore likely to be a reasonable ini-
tial value. The remaining 0.26 cation vacancies were as-
sumed to be present on the Fe(1) octahedral site. We have
already assumed Fe(i) 10 have 0.26 and Fe(3) to have
2.67 sites vacant; the remajning siles must therefore be
occupied by Fe2~, Fe't, and Ti*~ jons. The 1.84 Fe?+,
7.91 Fe’+, and 3.32 Ti‘* oclahedral cations found in the
Mdssbauer and microprobe studies were therefore divid-
ed between the Fe(1) and Fe(3) sites in the ratio 11.74:
1.33, where this ratio represents the numbers of each oc-
tahedral site occupied. The following siructural formula
results:

Feli:00,,[(Fed i Feds Tid 1.0, ;) Fei s Fed 16 Ti45,0,2]0%,
where O represents a cation vacancy. Atormic scatiering

factors for each octahedral sile were calculated on the
basis of the above formula.

When the population parameter for the Fe(3) site was
refined, the results obtained indicaied that the cation dis-
tribution given in the above formula underestimated the
scattering produced by this site by approximately 27%.
This result meant that the number of cation vacancies on
the Fe(3) site was less than the value of 2.67 assumed
initially and that the number of calions was greater than
the assumed value. Keeping the overall number of octa-
hedral cations and vacancies constant (at the value found
in the Mdssbauer and microprobe studies), the numbers
of Fex*, Fe*~, and Ti** ions on lhe Fe(3) site were in-
creased by 27%, and those on the Fe(1) site were reduced
by the appropriate amount. 1o account for the observed
population parameters. The number of vacancies for the
Fe(l) and Fe(3) siles were found by difference. The re-
sulting general structural formula,

[Fe(2))s [Fe(3)). [Fe(1))1:0;:,
gives a formula for BM1929,1687 of
[Fe3 s )[FedsFeTi Tig1/0h.6] [FettFed s Tid 50010 .

New atomjc scattering factors for each octahedral site
were then calculated on the basis of the new cation dis-
tribution predicted by the above formula. Refinement of
the population parameters for each octahedral site indi-
cated that the observed parameters agreed with those giv-
en by this above formula to within 2%. The population
parameter for tetrahedral sites was found to agree within

TaBLE 4. Anisotropic temperature factors (x 105) obtained for titanomaghemite speci-
men BM1829,1687
Atom Ba B Bas B2 Bra 8x
Fe(1) 335(9) 200(5) 200(5) —28(5) -28(5) -77(7)
Fe{2) 183(3) 183(3) 183(3) —3(5) —3(5) —-3(5)
oy 203(18) 203(18) 203(18) 36(25) 36(25) 36(25)
0(2) 225(26) 535(33) 230(28) —40(22) 24(20) 76(35)
Fa(3) 381(14) 381(14) 381(14) 8(16) 8(18) 8(16)

Note: Temperature factors are in the foflowing form:
expl—(B8.,h7 + 8Kk2 + ByyP + 28,0k + 20,50 + 20,40
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2% of that predicted by the Méssbauer and microprobe
studies.

The arrangement of cations and cation vacancies on
the two octahedral sites 1s similar to that observed in
LiALQO; by Famery et al. (1979), i.e., the octahedral po-
sitions 4(b) and 12(d) are occupied in a statistical manner.
No evidence of ordenng of cations or cation vacancies
on the oclahedral site, leading to a lower-symmetry space
group, was {ound.

A complete list of observed and calculated structure
factors obtained (or the specimen under P4,32 symmetry
is given in Table 5.' Atom positions (Table 3) are found
to be in good agreement with those found by Tomas et
al. (1983) and Famery et al. (1979) for the compounds
LiFe,O, and LiAl.Q;, respectively, each of which crystal-
lize with the same space group as this particular titan-
omaghemite specimen. Calculated bond lengths are shown
in Table 6. The overall R [actor found in the analysis was
2.35%, the weighted R factor was 2.50%, and the unit-
cell parameter a = 8.341(1) A.

DiscussionN

The single-crysta) X-ray difiraction siudy of titano-
maghemite described above shows that this sample has
a primitive cubic Bravais lattice with the space group
P4,32. Because this space group does not contain any
symmetry operations involving inversion or reflection, it
is possible [or the crystals to exist in both right- and left-
handed forms described by the space groups P4,32 and
P4,32—an enantiomorphous pair. Without resorting to
precise measurements of Friedel-related pairs of reflec-
tions, 1t is impossible 1o distinguish between the two dif-
ferent forms of the structure (hence, in the above work,
the space group P4,32 was assumed for simplicity).

It is possible [or the two enantiomorphous forms of
such a structure ip exist within an apparent single crystal
as is found in LiFe,Q, (van der Biest and Thomas, 1975).
These two forms occur as small domains, the exact do-
main size being dependent upon sample hislory but gen-
erally of the order of 0.1-ym diameter. Such a domain
structure has been observed in dark-field eleciron micro-
graphs of a natural maghemite crystal (Smith, 1979).

The X-ray and Mgssbauer studies of titanomaghemite
specimen BM 19291687 also have enabled the cation and
vacancy distributions to be determined. This observed
distribution can be compared with the predictions of var-
ious models presented in the literature. According 1o
Readman and O'Reilly (1971) the general formula for the
cation distribution of any titanomaghermite is

Fedr Feim(Fel s rannm +sFeR% ms - 0pms T2 Oy ) O3,

where x is the Fe/Ti ratio, z the degree of oxidation, R
the spinel stoichiometry parameter, and é the number of

' A copy of Table § may be ordered as Document AM-88-364
from the Business Office, Mineralogical Society of America, 1625
I Street, N.W., Sulte 414. Washington, D.C. 20006, U.S.A. Pleasc
remit $5.00 in advance for the microfiche,

TABLE 6. Bond lengths calculated for titano-
maghemite specimen BM1929,16887
under P4,32 symmetry

Bond Distance (A)
Fe(2)-0(2) 1.8789(2)
Fe(2)-0(1) 1.9038(2)
Fe(1)-0(2) 1.9581(2)
Fe(1)-0(2) 2.0209(2)
fe(1)-0(1) 2.0670(2)
Fe(3)-0(2) 23327(3)
0(2-0(2) 3.0841(3)
O(2)-0(1) 3.0828(3)
0(2-0(2) 2.867 2(3)
0(2)-0(2) 2.9198(3)
0(2»-0(2) 2.9678(3)
O(1)-0(2) 2.7265(3)
O(1)-0(2) 2.8722(3)
O(1)-0(1) 2.9549(3)
0{1)-0(2) 3.0928(3)

Fe?~ ions on tetrahedral sites. This equation assumies that
cation vacancies and Ti** ions are restricted 10 octahedral
sites. Taking the structural formula estabhished above
BM1929,1687 and substituting values into the above
equation yields x = 0.47(2), z = 0.82(2), R = 0.88(2), and
6=20.

Since titanomaghemites form by the oxidation of
titanomagnetites, it is possible 10 attempt to establish the
composition of the parent tilanomagnetite. Néel (1955)
and Chevallier et al. (1955) proposed models for the cal-
ion distribution in titanomagnetites in which all the Ti4~
enters octahedral sites and Fe? first replaces Fel+ in oc-
tahedral sites and only then Fe?* in tetrahedral sites. This
leads to the structural formulae

Fe’+(Felr Fer,, Tis+*)0%- 0=x=<05

and
Felr, Feir (Feir Tit"]0- 0.5 s x =< 1.0.

I[n this Néel-Chevallier model, no tetrahedral Fe2+ ex-
is(s in the parent titanomagnetite for x < 0.5. It has been
established that x = 0.47(2) in BM1927,1687, and this
value also applies to the ttanomagnetite parent. The
above model therefore stipulates that no tetrahedral Fe*+
should occur in either the parent titanomagnetite or the
titanomaghemite, as observed experimentally. Substirut-
ing values for x into the above formula gives

Fes+[FelzFedts Ti5%10:~

for the parent titanomagnetite composition.

Because of poor correspondence with certain of the
physical properties of titanomagnetites, an alternative to
the Néel-Chevallier model was proposed by O’Reilly and
Banerjee (1965). In the O'Reilly-Banerjee model, which
shows better agreement with ttanomagnelite properties,
Fe2~ begins to occupy the tetrahedral sites al x > 0.2.
The model is similar to the Néel-Chevallier model over
the compositional ranges 0 < x < 0.2and 0.8 < x < 1.0
but varies continuously over 0.2 < x < 0.8 with no dis-
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continuitics at x = 0.5. The following structure formulae
result;

Fe'' [Feiz Feit, Tit +]03~ 0 =x=<0.2
Feps_ . Feir, [FetsFedi_  Tis+]0- 02=<x=<08
and
Fei:, Felr [Fe:r, Ti*]02- 08 =x= 10.

Assuming the O’Reilly-Banerjee model, the following
structural formula results for the parent titanomagnetite
of BM1929,1687:

Feds,Feds,[FetsFes s, TR ]05.

The presence of Fe?™ in tetrahedral sites in the parent
titanomagnetite strongly suggests that Fe’* in tetrahedral
siles should also occur in the titanomaghemite, but this
was not observed experimentally. 1t is possible that all of
the tetrahedral-site Fe** has been oxidized during
“‘maghemitization,” but this seems unlikely with a sig-
nificant proportion of octahedral Fe?+ still present in the
sample studied. The Néel-Chevallier model therefore ap-
pears to give a more plausible description of the parent
titanomagnetite in this case.

The presence of tetrahedral-site vacancies, although not
specifically taken into account in the model titanomag-
hemite formula of Readman and O’Reilly (1971) was not
ruled out by them. They noted that during oxidation of
the parent titanomagnetite, octahedral-site Fe2+ diffuses
to the crystal surface where it is oxidized by adsorbed
oxygen ions forming new tetrahedral and octahedral sites.
The majority of these vacancies are then filled by diffus-
g Fe’* ions, but for high degrees of oxidation, some
tetrahedral sites will remain vacant

ACKNOWLEDGMENTS

The Natural Environment Rescacch Council 1s thanked for supporting
thes research (hrough a studentship to §.C. The Brinsh Muscum (Natural
History) and Dr. C. J. Stanley. in particular, and Dr G, D. Price (Unij-
versily College, London) are thanked for providing specimens for study.
Mr. L. W, Becker (AERE, Hanwell) ts \hanked for help with (he Jow-
temparatre Mssbager measorements, and Chrishne Gee and Beverley
Parker are thanked for help in preparanon of the manuscript.

REFERENCES CITED

Armstrong, R.J., Morrish, A H., and Sawaizky, G_A. (1966) Mdssbauer
sludy of ferric 10ns in a spincl. Physics Letiers, 23, 414-416.

Baumnger, R., Cohen, S.C.. Marinov, A,, Ofer, S., and Segsl, E. (1961)
Study of the low-temparawre feansition 10 magnetite and the internal
fields actimg on wron nucler \n some spinel ferntes, using Méssbauer
absorpuion, Physical Review, 122, 1447-14350,

Bond, W.L. (1951) Making smal) spheres. Review of Scientific Instru-
ments, 22, 344-345.

Braun, P. ((952) A supersiructure o spinels. Natwure, (70, 1123,

Chevallier, RJ., Bolfa. J,, and Mathieu, S, (1955) Tianomagnetites e
Imenites fecromagnetiques (1). Etude opligue, radocnstallographique,

COLLYER ET AL.: STRUCTURE AND CHEMISTRY OF TITANOMAGHEMITE

chimique. Bulletin de Société frangats de Minéralogie et Cnstallogra-
phie, 78, 307~346.

Cocy, J.M.D,, Momsh. A.H. and Sawalzky. G.A. (1971) Missbauer study
of conducnon in magnetite. Journal de Physique (Paris) Colloginm, 32,
C271-C273

Cormack, A.N., and Price, G.D. (1985) Vacancy ordering of maghemite.
n L.C. Dufour, Ed Reactivily of solids. Elsevier, New York.

Craig. J.R., and Vaughan, D.J. (1981) Ore microscopy and ore petrogra-
phy. Wiley-Intecscicnce, New York.

Famcry, R., Queyroux, F., and Gilles, 1.C. (1979) Erude structucale de Ja
forme ordonée de LiA),O,. Jouma) of Solid State Chemistry. 30, 257~
263

Greaves, C. (1983) A powder neutron diflraction ynvesngation of vacancy
and covalence in y-ferric oxide. Journal of Sohd State Chemstry, 49,
325-333.

Internaional tables for X-tay crystallograpby, vol, IV (1952) N.F.M. Henry
and K. Lonsdale, Eds Kynoch Press, Birmsngham, England.

Ishikawa, Y, Sato, S.. and Syono, Y. (197 () Neutron and magnetic stadies
of a stngle crysual of Fe,TiO,. Joumnal of the Physical Sociely of Japan,
31, 452-460

Kelly. W_H_, Folen. V.)., Rass, M., Schroner, W.N,, and Beard, G.B.
(1961) Magnetic field a1 the puclews in spinel-type crystals. Physical
Review, )24, 80-86.

Longwonth, G, (1984) Spectral data redoction and refinesient. In G.L.
Long, Ed., MBssbauer spectroscopy applied 1o inorganic chemistry, vol.
(. Plenum, New York.

Néel. L, (1955) Some theoretical aspecis of rock magnctisro, Advances in
Physics. 4, 191243,

O'Reilly, W_, and Bancrjee, S.K. (1965) Cauon distnbunion in tano-
magpentes () — x)Fe,O.xFe,TiO,. Physics Letters, 17, 237-238.

Readman, P.W., and O'Redly, W. (1871) Oxidation proocsses in titano-
magnelites. Zenschrft fisr Geophysiks, 37, 329-338.

Sawal(sky, G.A., van der Woude, F., and Morsrish. A H. (1969) Mossbauer
study of several fernmagnetic spinels. Physical Review, (87, 747-757.

Smith, P.P.K. (1979) The observation of enantiomorphous domains in a
nalural maghemite, Contnbutions 1o Mineralogy and Petrology. 69,
249-254

Sesman, R.B., and Posnjak, E. (1925) Feromagnetic fermc oxide, artificial
angd natural. Journal of (he Washingion Academy of Science, 15, 326-
342,

Sephenson, A.. (1969) The emperature dependent calion dis(nbution in
ntanomagnetites. Geophysical Journal of the Royal Astronomical So-
ciety, 18. 199-210.

Stewart, J.M., Kruger, G.J.,, Amman, H.L,, Dickinson, C.. and Hall, S.R.
(1974) X-ray 74. University of Maryland, College Park, Maryland.
Sweatman, T.R.. and Long, J.V.P. (1969) Quantitative eleciron-probe -
croanalysis of rock-forming rmnerals. Journa) of Pewrology, 10, 332-

379.

Tokonami, M. (1965) Atomic scatlering factor for O~ Acia Crystallo-
graphica, 19, 486.

Tomas, A., Laruclle, P., Dosmann. J.L., and Nogues, M. (1983) Affine-
menl de [a struclure des (ormes ordonnées ev desordonoées de 'oc~
uoxopentafestrale de lithium, LiFeO,. Acla Crystallogeaphica, C39,
(615-t617.

van der Biest, O., and Thomas, G. (1975) 1dentificalion of cnantio-
morphism (n crystals by electcon miycroscopy. Acia Crysiallogeapbica,
A3, 70-76

Weber, von K_ (1969) Einc ncoe absorptionsfakionafel fir kugelGroinge
proben. Acta Crystallographics, 325, 1174-1178.

Zachariasen, W_H. (1967) A general theory of X-ray diflraction in crysials.
Acta Crystallographica, 23, 558-564.

MANUSCRIPT RECEIVED Decemser 31, 1986
MANUSCRIPT ACCEPTED SEPTEMBER 22, 1987



