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Crystal structure and cation distribution in titanomagnetites (Fe3-,Ti,Oa)
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Abstract

A systematic study of the crystal structure of titanomagnetites was undertaken to
characterize the effects of composition and quenching temperature on the cation distribu-
tion. Powder specimens ranging in composition from pure magnetite to a slightly nonstoi-
chiometric ulvrispinel were synthesized at temperatures between 930 and 1350'C. Several
specimens quenched from 1350'C were later annealed at 800"C for up to 95 days. Unit-cell
parameters were determined by X-ray diffraction, and saturation magnetization values
were measured at room temperature on a vibrating sample magnetometer. The oxygen
coordinate, thermal parameters, and sublattice magnetizations were determined from
neutron difraction data using profile refinement techniques.

No significant diferences were found in the unit-cell parameters or magnetization
resulting from different synthesis temperatures or annealing, and no change was observed
in the oxygen positional parameters following annealing. Ti occupies only octahedral sites
in all specimens. Temperature factors increase markedly with Ti content, indicating static
positional disorder due to mixing of Fe and Ti on octahedral sites. Values of the saturation
magnetization and individual sublattice magnetic moments are consistent with the cation
distribution model of Akimoto and do not support models that propose a quenchable,

temperature-dependent Fe2*-Fe3* distribution. Diffuse scattering in the neutron diffrac-
tion patterns suggests the presence of short-range order, possibly involving octahedral
cations, but no long-range order inconsistent with space group Fd3m was found. Systemat-
ic trends in the oxygen position and unit-cell parameter as a function of composition may be
influenced bv octahedral cation interactions.

Introduction

Minerals in the solid solution series between magnetite
(FegOn) and ulvcispinel (FezTiO+) are common constitu-
ents of a wide variety of igneous and metamorphic rocks.
Intermediate members of the series, referred to here as
titanomagnetites, are the primary carriers of rock magne-
tism and, as such, have been the subject of numerous
experimental and theoretical investigations. The magnet-
ic properties of these materials are critically dependent
upon their composition, degree of oxidation and intra-
crystalline cation distribution, and thus may be afected
not only by conditions during petrogenesis, but by their
subsequent thermal history as well.

Recent studies of deep-sea basalts have stimulated a
great deal of interest in titanomagnetites and their oxi-
dized equivalents, the titanomaghemites (e.g., Readman
and O'Reil ly,1972; Keefer and Shive, l98l; Moskowitz
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and Banerjee, l98l). When found in rocks coexisting with

a hematite-ilmenite solid solution, the titanomagnetites

may also be useful as indicators of the temperature and

oxygen fugacity under which these phases equilibrated
(Lindsley, 1963; Buddington and Lindsley, 1964). In

recent years, attempts have been made to model the

thermochemistry of these solid solutions (Rumble, 1970,

1977; Powell and Powell, 1977; Lindsley,1978; Spencer

and Lindsley, l98l). A major stumbling block to the

success of these efforts has been the lack of understand-

ing of the equilibrium cation distribution. The resulting

uncertainty in the configurational entropy, which pro-

duces free energy uncertainties on the order of several

kcaUmole at 1000"C, is a significant factor in solution

models and cannot be neglected.
Thus, the crystal structure and cation distribution in

titanomagnetites are of interest both for their importance

in determining the magnetic properties of these minerals

and because of the need to account accurately for their

thermochemical behavior. Although a number of previ-

ous studies have examined this system, their results have

been somewhat conflicting and incomplete. The present

study attempts to resolve some of the discrepancies by
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combining X-ray and neutron diffraction techniques with
magnetic measurements on synthetic specimens given a
variety of heat treatments.

Previous studies

Both magnetite and ulvrispinel have the inverse spinel
structure, with space group Fd3m (Bragg, l9l5a,b; Ni-
shikawa, 1915; Barth and Posnjak, 1932). This structure
incorporates one tetrahedrally-coordinated cation and
two octahedrally-coordinated cations per four oxygens.
In end-member magnetite, the Fe2* is all octahedral,
whereas Fe3* is distributed over both tetrahedral and
octahedral sites. In ulvcispinel all the Ti is octahedral and
Fe2+ occupies both tetrahedral and octahedral sites. The
distribution of the species Fe2+, Fe3+, and Tia+ between
the tetrahedral (A) sites and octahedral (B) sites for
intermediate compositions, however, is uncertain. Sever-
al studies have suggested the possibility that at least some
Ti may exist in the tetrahedral site (Gorter,1957 Forster
and Hall, 1965; Stout and Bayliss, 1980); however, other
magnetic measurements (O'Reilly and Banerjee, 1965;
Stephenson, 1969) and neutron diffraction studies
(Ishikawa et al., 1964, l97l) are best explained if Ti4+ is
always limited to the octahedral site.

A number of models have been proposed for the
distribution of Fe2+ and Fe3+ in the solid solution series,
based largely upon the results of magnetic measurements
of natural and synthetic specimens. Akimoto (1954) sug-
gested a simple substitution model in which the occupan-
cy of each site varies linearly between the two end-
member compositions. Assuming colinear ferrimagnetic
ordering (N6el, 1948), the saturation magnetization for
such a model would also be linearly dependent upon
composition.

N€el (1955) and Chevallier et al. (1955) proposed a
model based upon expected crystal-chemical prefer-
ences, in which Fe2+ always prefers octahedral coordina-
tion and Fe3* always prefers tetrahedral coordination.
Such a substitution scheme is discontinuous, and would
produce a trend in saturation magnetization and other
properties with a break at x = 0.5 (where x represents
mole fraction Fe2TiOa). An intermediate model (O'Reilly
and Banerjee, 1965) follows the N6el substitution from x
: 0  t o  x : 0 . 2  a n d  f r o m  x : 0 . 8  t o  x :  1 . 0 ,  w h i l e
following an Akimoto-type substitution scheme in be-
tween, producing saturation magnetization values lower
than the Akimoto model, but higher than the Ndel model,
f o r x = 0 . 2 t o x : 0 . 8 .

Stephenson (1969) and Bleil (1971, 1976)have proposed
a temperature-dependent distribution of Fe2* and Fe3* to
explain the apparent variation of saturation magnetization
for samples quenched from different temperatures. These
models give the Akimoto distribution as the equilibrium
configuration for high temperatures (essentially 1300'C to
the melting point) and suggest the N6el model as the
equilibrium configuration for low temperatures. For inter-

mediate temperatures, the cation distribution would be
continuously variable.

There are a number of difficulties with these models,
however. The Akimoto model requires that Fe3+ 1,4,; =

Fe3" 18; and Fe2+ (B) = 1.0 per formula unit throughout.
These requirements are suggestive of symmetry con-
straints that would be inconsistent with the Fd3m space
group and might require lower symmetry than the low-
temperature distribution models. Furthermore, the Aki-
moto model is in some sense an arbitrary high-tempera-
ture limit, because a statistically random distribution of
Fe2+ and Fel+ would give a higher configurational entro-
py and might therefore be preferred at high temperatures.
The O'Reilly-Banerjee distribution is similarly discon-
certing in that it proposes two discontinuities in the cation
substitution scheme without clear evidence for a caus-
ative mechanism.

These models have assumed that end-member magne-
tite retains the inverse spinel structure at high tempera-
tures. However, diffusion studies on magnetite (Flood

and Hill, 1957; Dieckmann and Schmalzried, 1977) sug-
gest a random cation distribution at high temperature.
Mcissbauer spectra of magnetite above the Curie tempera-
ture (Evans, 1973,1975; van der Woude et al., 1968) also
suggest the disappearance of discrete Fe2* and Fe3*
species, with all Fe species closely approaching the +3

oxidation state. Recent thermoelectric measurements
(Mason and Bowen, l98l; Wu and Mason, 1981) also
support the suggestion of a statistically random cation
distribution in magnetite at high temperature.

The Curie temperature and unit-cell parameters of
titanomagnetites should be dependent upon the cation
distribution (Prevot and Poix, l97l; Stephenson, 1972),
and should, therefore, reflect the thermal history, if the
cation distribution is sensitive to temperature. However,
previous studies have failed to demonstrate such a depen-
dence.

A further argument against the temperature-dependent
models was suggested by Jensen and Shive (1973), who
proposed that it was impossible to quench in a high-
temperature cation distribution since re-equilibration re-
quires only the transfer of an electron between adjacent
tetrahedral and octahedral sites. The energy difference
between A- and B-site Fe is too small, in their view, to
inhibit rapid electron transfer.

These models have also been based primarily upon
magnetization measurements, and inferences about the
cation distribution require assumptions of the magnitude
and orientation of ionic magnetic moments in the struc-
ture. Thus, data on the individual site moments are
essential to confirm these observations.

Finally, all of the magnetization measurements were
performed on different suites of quenched specimens, but
the investigators advocating a temperature dependence
never attempted to demonstrate that the cation distribu-
tion of a given specimen could be re-equilibrated by
annealing at temperatures either above or below the



756

initial quenching temperature. Recently, however,
O'Donovan and O'Reilly (1980) reported such an experi-
ment. Specimens of synthetic Mg-bearing titanomagne-
tites, originally quenched from 1350 and 1425'C, were
annealed at 600 and 1fi)0"C for up to 5 hours. No change
was found in the saturation magnetization, Curie tem-
perature, or unit-cell parameters after annealing.

Fujino (1974) performed X-ray structure refinements of
single-crystal titanomagnetites grown from the melt and
powder samples prepared by sintering at 1000'C in evacu-
ated silica tubes. He concluded that there was a signifi-
cant difference in the trends of A-O and B-O distances
with composition for the two suites of specimens, in
support of the hypothesis of a temperature-dependent
Fe2*-Fe3* distribution. However, given the reported
uncertainties in Fujino's measurements and the limited
number of data, this conclusion may not be justified. The
data presented in this paper are in general agreement with
Fujino's results but provide a more sensitive test on this
question due to greater precision in the diffraction experi-
ments.

Some phase equilibria results do suggest the possibility
of a temperature effect on the cation distribution in
titanomagnetites. Experimental phase composition data
of coexisting titanomagnetites and hematite-ilmenites
(Buddington and Lindsley, 1964; Spencer and Lindsley,
1981) under a variety ofoxygen buffers and hydrothermal
conditions, show a change in slope at about 850'C. This
feature might reflect a change in cation ordering over a
fairly narrow temperature interval in the titanomagnetite
phase.

Experimental procedures

Synthesis of samples

All samples used in this study were synthesized from mixes of
high-purity Fe2Or, TiO2, and Fe sponge. Stoichiometric mixes
were prepared by first mixing Fe2O3 and TiO, in the desired
proportions. These were ground in an automatic agate mortar
under ethanol for 2-3 hours. Finally, Fe sponge was added to the
mix, after which grinding continued for an additional hour.

Specimens with compositions between 0 and 80 mole Vo
Fe2TiOa were prepared by sintering in Ag-foil lined, evacuated
SiO2-glass tubes. Run times at 930'C varied from 4 to 7 days,
after which the capsules were opened and run products were
examined optically and by X-ray diffraction. For compositions
with x > 0.3, it was considered desirable to react the charges
further to improve sample homogeneity. These samples were
ground for - | hour in the agate mortar and were then wrapped in
Ag foil and reloaded into SiOr-glass capsules and reacted for an
additional 5 to 6 days. See Table I for synthesis conditions ofall
samples.

A diferent method was used to prepare high-temperature
specimens for neutron diffraction and magnetic studies. Compo-
sitions with 0, 25, 50, and 75 mole Vo Fe2TiOa were prepared in a
two-stage sintering process involving a low-temperature "pre-
reaction" stage followed by grinding and further reaction at high
temperature in a vertical furnace with a controlled H2-CO2 gas
mixture at a total pressure of I atm. The mixes were first placed
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in a Ag-foil crucible and reacted at about 900'C for 15 minutes in

a CO-COz gas mixture chosen to produce no weight change

during reaction. X-ray diffraction patterns showed the material

after this first sintering to be composed of a single phase spinel

for the pure magnetite composition, and a multi-phase assem-

blage of two spinels, wtistite, ilmenite, and rutile for Ti-bearing

compositions. The products were then ground in an agate mortar

for I hr. Pellets were formed by pressing this material into the

bottom of a 12 mm I.D. SiO2-glass tube which was then

evacuated and sintered at -800'C for 15-20 mins. The sintered

pellet was removed from the tube and suspended in the vertical

furnace from a 0.004 inch Pt wire which extended through the

center of the pellet.

Phase equilibrium data on the Fe-Ti-O system (Webster and

Bright, 196l; Taylor, 1964; Katsura et al., 1976; Simons and

Woermann, l97E) suggest that deviations from FerOr-FezTiO+

stoichiometry in the spinel phase are primarily in the direction of

oxygen-rich, cation-deficient compositions at high temperatures.

Relatively little, if any, solubility of wiistite in the spinel has been

found. Therefore, in order to minimize vacancies and produce an

essentially stoichiometric spinel, the oxygen fugacity was main-

tained at values appropriate to wiistite saturation. Gas mixtures

for each composition were chosen in a series of experiments with

small pellets in which the HzlCOz ratio was adjusted in steps of

0.01-0.02 log units /o2 to determine the boundary between the

spinel and spinel + wtistite fields. Presence of wiistite was

determined from X-ray diffraction patterns, with an estimated

detection limit of <0.5 wt.Vo.

Due to the large sample requirements of the powder neutron

diffraction technique (sample holder volume : 4 cm3), it was

nec€ssary to synthesize the material for each composition in a

number of separate batches. From 4 to 6 batches of 4 to 5 grams

each were run to produce the desired amount of material. H2 and

CO2 were monitored with separate flowmeters, and a total

volume of 8 ml/sec, corresponding to a linear flow rate of 0.7 cm/

sec, was maintained for all syntheses. Use of a solid-electrolyte

/o2 sensor (Sato, 1971; Williams, 1972) duing early stages of the

synthesis experiments confirmed the stability of the gas mixing

ratio during the course of a run, as well as the values oflo2

calculated from the H1-CO2 ratios using the values of Deines et

aL.(1974'1. Run times at 1350"C were 4 hours, which was found to

be more than sufficient to ensure optical and X-ray homogeneity.

At the end of 4 hours, the pellets were dropped onto a pool of Hg

at the bottom of the furnace tube, still in the same atmosphere.

The pellets broke into many fragments and cooled to below

incandescent temperatures throughout within 5-10 seconds. Of

course, much of the exposed surface area cooled more quickly

than this. Run products from each batch were first X-rayed

separately, to ensure homogeneity, and all batches were then

combined to form a composite specimen.

X-ray diffraction patterns of all specimens revealed a single
phase spinel with sharp peaks. In the USP25, USP50, and USP75

specimens, a trace of wiistite was present, with an estimated

abundance of <l-2 wt.7o. Reflected light microscopy revealed

small grains of wiistite (l-5 pm in diameter) dispersed through-

out the spinel grains in at least one ofthe specimens, suggesting

the wiistite formed in equilibrium with spinel during reaction at

1350"c.

Recent experiments by Simons and Woermann (1978) indicate

that near the ulvospinel end of the Fe3Oa-Fe2TiOa solid solution

series, stoichiometric spinel is unstable relative to the assem-

blage metallic Fe + cation-deficient spinel. Their results also
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Table l .  Synthesis condit ions
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Nominal

Comp' n.
(Mole t Starting

Material Capsule Time

-1og

foz

mI00-I350

usP2 5- 1350

usP50-I3 50

usP75-1350

usP100-1200

l,ml00-13 50 , 800A

usP25-1350,8O0A

usP50-1350,800A

usP75-1350,80oA

MTI00-930

usPI0-930

usP20-930

usP3 0-93 0

usP40-930

usP60-930

usP70-930

usP72 .5 -930

usPT 5-930

usP77 .5 -930

usP80-930

F a + F A  n  + + i n- -  - - 2 - 3  " - 2

F A + F a  n  r m i n' -  ' - 2 " 3  ' - - 2

FA+FA N +T iA- -  - - 2 - 3  ' - - 2

F a + F 6 n  r m i A

MIIOO-I3 5O

usP2 5-I3 50

usP50-1350

usPT 5-13 50

F a J F 6  n  f f i ^' -  ' - 2 " 3  - ' - 2

Fa+F^ n  +4 in- -  ' - 2 - 3  - ' - 2

F A + F a  ^  ! + i ^- -  ' - 2 - 3  ' - " 2

Fe+Fe^O-+TiO^
2 5 2

F a + F A  6  + 4 i n- -  - - 2 - 3  " - 2

F a + F a  n  r m i 6' -  - " 2 " 3  - ' - 2

Fe+Fe^O^+TiO^
z J  z

Fe+Fe^O-+TiO^
z J  2

Fe+Fe^O-+T iO^
z J  z

F 6 + F a  n  + T i d- - ' - 2 - 3  " " 2

P

P

F e  f o i 1 ,  e v a c  S i O ^
z

evac SiO2

A g  f o i l .  e v a c  S i O ^
z

Ag foi1. evac SiO^
2

Ag foi l ,  evac SiO^
2

0

2 5

50

7 5

" roo " t

0

2 5

50

7 5

o

10

20

30

40

60

70

7 5

7 ' t  . 5

80

28d 22h

v)q  zn

70d 18h

57d 15h

H2+CO2

H2+CO2

H2+CO2

H2+CO2

4 q ?

7 . 3 4

7 . 9 4

4 . 9 7

1 3  5 0

1350

13 50

13 50

12 00

800

800

800

800

9 3 0

930

9 3 0

9 3 0

930

930

930

9 3 0

930

9 3 0

9 3 0

4h

4h

4h

4h

18h

A9 fo i l ,

Ag  fo i l ,

Ag  fo i l ,

Ag  fo i l ,

A9  fo i l ,

Ag  fo i l ,

Ag  fo i l ,

Ag  fo i l .

A9  fo i l .

Ag  fo i l ,

Ag  fo i l ,

evac SiO2

evac SiO2

evac SiO2

evac Sio2

evac SiO2

evac SiO2

evac S1O2

evac SiO2

evac SiO2

evac SiO2

5d

5d

4a

5d

t2d

12d

r0d

IOd

t0d

r0d

9d

3h

th

3h

l6h*

16h*

22tt*

22h*

22h*

22h*

2 2 h *

P indicates sampTe peTTetized, suspndeil in gas mixxure, total pressure = j atn.
* inaicates interrediate grinding.

+  N o m i n a l  f o r m u L a  : ' "  
1 . 9 3 3 ' i  i . o 3 s ] o . o r z o a -

suggest that a single-phase spinel on the FeO-TiOzjoin, contain-
ing neither Fe3* nor Ti3*, is stable in equilibrium with metallic
Fe and ilmenite at -1200"C with FeO/(FeO+TiOz) =0.65. Re-
connaissance experiments with compositions varying from FeO/
(FeO+TiOr) : 0.64 to 0.666 (i.e., stoichiometric Fe2TiO4) at
temperatures ranging from 930 to 1220"C were consistent with
these findings.

The sample of USPIOO was therefore synthesiz€d by reacting a
mix of composition FeO(FeO+TiO, = 0.651 (molar) wrapped
in Fe foil in evacuated SiO2-glass tubes at 1200'C. Run times
were 18 hours, and the synthesis was done in 6 separate batches
of 3-4 grams each. During reaction at 1200'C, several of the
capsules developed minor leaks, allowing penetration of air into
the charges and resulting in weight gains of a few mg. However,
it is believed that all excess oxygen was absorbed by the outer
surfaces of the Fe foil (inner surfaces were not tarnished) and
that the run products were unaffected by this leakage. Optical,
X-ray, and magnetic examination revealed no diferences be-
tween the material from capsules with and without leakage. X-
ray diffraction patterns of the composite specimen showed a
wefl-crystallized spinel phase and a small amount (<2 wt.Vo) of
ilmenite.

Following collection of the initial neutron diffraction data,
three specimens (USP25, USP50, USP75) were annealed at
E00t for 57-95 days. Each specimen was divided inro three

batches and loaded into Ag-lined silica tubes which were then
evacuated, dried, and sealed. The tubes were placed in a
horizontal furnace and held at 800+5"C. After annealing, each
batch was checked by X-ray diffraction before they were recom-
bined to form a composite sample. No wiistite could be detected
in any of the samples following the annealing.

Neutron dffiaction data collection

Neutron ditrraction powder patterns were obtained on a three-
axis spectrometer at the High Flux Beam Reactor at Brookhaven
National Laboratory. Samples were held in a I cm diameter
cylindrical vanadium holder. Neutron wavelengths of -1.3A

were selected using a Ge monochromator in the (l I l) ditrracting
condition, and the diffracted beam was passed through a pyrolitic
graphite analyzing crystal with the (004) plane in diffracting
position. 20-min Soller slits were installed before and after the
monochromator and between the sample and analyzer. 40-min
slits were used between the analyzer and BF3 detector. Step
widths were 0.05 degree two-theta with the exception of USP50-
1350, for which a 0.l degree step width was used. Counting times
were of the order of l-4 min per step. Incident beam intensity
was monitored with a fission counter to ensure equal incident
beam intensity for each step. Scans were made in the range two-
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Table 3. Final positional parameters, isotropic temperature factors (42), and magnetic moments (ps)

R R R
r p p

u' F eB
ox

u' F e

MT100-I350
usP25-I350
usP25-135O, SOOA
usP50-1350
usP50-135O (77 x)
usP50-1350 .8O0A
usP75-1350
usP75-1350,800A
usPl00-I200

o . 3 7 ( 4 )  o . 4 7 ( 4 )
0 . 4 6 ( 4 )  0 . 5 r ( 4 )
0 . 4 6  ( 2 )  o . 4 1  ( 2 )
0 . 5 8  ( 4 )  0 . 4 3  ( 5 )

0 . 4 3 ( 7 )  0 . 1 3 ( 1 1 )
o .64 (2 ' , )  0 . 5s  ( 3 )
o .6 ' 1  ( 2 )  o .  s7  (  3  )
o .75  (2 ' ,  0 .  60  (  2  )
o .e4 (21  0 .64  (4 )

0 . 6 4 ( s )  4 . 0 1 ( 5 )
o .62  (4 ] l  3 . 8 r  ( 8 )

o .  6 5  ( 2 )  3 . 7 r  ( 4 )

0 . 7 3 ( 4 )  3 . 1 2 ( 1 0 )
0 . 5 7 ( 6 )  3 . 9 2 ( 7 )
0 . 8 s ( 2 )  3 . 0 5 ( 6 )
o . 9 4  ( 3 )  *

1 . 0 6 ( 3 ) *
1 . 3 4  ( 3 )  *

3 . 7 0 ( 3 )  r . 0 0  4 . A 2  6 . 6 6
3 . 5 1 ( 6 )  2 . 2 L  8 . 1 7  1 1 . 2 3
3 , 5 4 ( 3 )  1 . 1 1  5 . 1 8  6 . 4 6
3 . 0 0 ( 9 )  2 . 5 3  7 . 6 A  9 . 5 6
3 . 7 3  ( 6 )  1 . 0 4  4 - 4 3  6 . 0 4
2 . 9 9 1 6 1  r . 3 6  8 . 3 3  9 . 9 5

2 . 4 4  6 . 9 4  8 . 6 5
r . 6 7  6 . 6 1  7 . 7 7
r , 5 9  5 . 5 3  6 . 5 1

0 .  25470  (  18 )
0 .25s r , 9  ( 21 )

0 .25520  (  rO )
o .257  02  ( r 9 l
o.25654 (22)
o .  25704  (  11 )
0 .25919  (9 )
o .25912  (6 )
o .  26038  (7 )

*Equivalent isotropic B,

Resu-lts refet to toom tempetatute except whete indicaXed.

Ivunbers in parentheses refer to esti@teil standard deviation in -Ieast siqnificant units.

space g toup Fd3m;  A s i te  a t  1 /8 ,  7 /8 ,  1 /8 ;  B  s i te  a t  I /2 ,  1 /2 ,  l /Z t  oxggen a t  u ,  u ,  u .

(Coordinates referted to origin at center of sg,retrg. )
A . B

t';e and U!" refer to the mgnetic rcrents per Fe atom on the A ild B sjtes, resEectiveTg.

R-  =  to |  L l t  bns) -  (7 /c )  r  (ca7c)  l / t t  {oa" ) .

R^  =  7oo t lg  (obs)  -  ( t / c1g  (ca lc )  l / t , J  (oAt ) .

nl Ot I = roo ( Ewls ( obs ) - ( t / c ) tt (catc ) f2 /zwlc ( ots ) 12 )i 
/ 2

p

theta = l3-l l0' (sin0/)r < 0.65). The raw profile intensity data
are listed in Table 2.2

The sample of USP50-1350 was also studied at 77 K. For this
experiment the sample was loaded into an aluminum sample
holder in a He atmosphere. The sample cup was placed in an
aluminum dewar which was evacuated and cooled with liquid
nitrogen during data collection.

Refinement procedures

Structure refinements were carried out using the profile refine-
ment method of Rietveld (1969) and the computer programs as
modified by Hewat (1973) and Khattak and Cox (1977). The
background intensity was determined by averaging over 10-20
steps every few degrees, or less often at higher angles, where
background is infrequently reached. The neutron scattering
lengths for Fe, Ti, and O were 0.95, -0.34, and 0.58. Form
factors for the magnetic ions were taken from Watson and
Freeman (1961). Profile parameters varied were the two-theta
zero-point, three half-width parameters, and unit-cell paftrmeter.

Structural parameters varied were scale factor, oxygen position-

al parameter, temperature factors for each site, and magnetic
moments of Fe on the A and B sites. Final results are reported in
Table 3, and selected interatomic distances and angles are given
in Table 4.

In early refinements, an average Fe2+-Fe3+ form factor was
used for all Fe atoms, since it was not possible to determine both
the Fe2*-Fel+ occupancies and magnetic moments independent-
ly. However, it was later found that use of a pure Fe3+ form
factor significantly improved the refinements. Final refinements,

2 To receive a copy of Table 2, order Document AM-84-249
from the Business Office, Mineralogical Society of America,
2fiX) Florida Avenue, N.W., Washington, D. C. 20009. Please
remit $5.00 in advance for the microfiche.

therefore, used this form factor. This may indicate a slight
"contraction" of the valence electrons of Fe in the spinel

crystals relative to the free ion state for which the form factors

were calculated.
For the annealed specimens, it was also found advantageous to

exclude the 440 reflection from the refinements. This was the

most intense peak in the patterns and was found to give

consistently large negative values oflo6.-/..r", Possibly because

of extinction. However. it was included in all refinements of

unannealed specimens. The I I I peaks were also excluded from

both the annealed and unannealed specimens of USP75. This
peak was very difuse in these data sets, perhaps the result of

critical magnetic scattering. The Curie temperature for the

titanomagnetite series reach€s room temperature close to the

composition x = 0.75 (Akimoto et al., 1957; Bleil, 1976).

However, the actual Curie temperature of USP75 was not

determined.

Table 4. Selected interatomic distances (A) and angles (')

mt00-

r3s0
usP25- USP50- USP75- USPIoo-

r35O,SOOA 1350,800A r35O,A0oA r2OO

A-0

B-0

A-A

B-B

A-B

1 . 8 8 6  ( 3 )  r . 9 O 0  ( 2  )
2 . 0 6 0 t 2 t  2 . 0 5 3  ( r )

3 . 6 3 s s ( 1 )  3 . 6 4 7 5 ( l )

2 . 9 6 8 4 ( r )  2 . 9 7 A 2 l t t

3 . 4 8 0 7 ( 1 )  3 . 4 9 2 2 t 7 )

I . 9 3 s ( 2 )  r . 9 ? 6 ( 1 )  2 . O 0 1 ( t )

2 . 0 s 8 ( l )  2 . 0 s 2 ( r )  2 . o 4 9 ( r )

3 . 6 6 4 s ( r )  3 . 6 8 3 5 ( 1 )  3 . 5 9 5 7 ( r )

2 . 9 9 2 0 ( r )  3 . 0 0 ? 6 ( 1 )  3 . 0 1 7 5 ( 1 )

3 . 5 0 8 5 ( r )  3 . s 2 6 7 ( r )  3 . 5 3 8 4 ( r )

3 . 1 6 r ( 3 )  3 . 2 2 7 1 2 1  3 . 2 6 A ( 2 1

2 . 9 9 4 4 1 r \  3 . 0 1 1 6 ( ] . )  3 . 0 2 2 7 1 r \

2 . A 2 4 1 3 t  2 . 7 B A l z t  2 . 7 5 1  t 2 l

8 6 . 6 4 ( 5 )  8 5 . s 9 ( 3 )  8 4 . 9 4 ( 4 )

9 3 . 3 6 ( s )  9 4 . 4 r ( 3 )  9 5 . 0 6 ( 4 )

7 2 , 3  2 L . 2  2 ? . 9

I . O O 3 3  l . O O 5 7  I . 0 0 7 4

o - 0  ( c e t )  3 . 0 8 o ( 4 )  3 . 1 0 2 ( 2 )

o - 0  ( o c t ) r  2 . 9 5 9 4 ( t )  2 . 9 7 9 5 ( r )

o - 0  ( o c t ) * *  2 . 4 5 7 ( 4 )  2 . 8 5 4 1 2 )

o * B - o  8 7 . 1 8 ( 9 1  8 7 . 5 4 ( s )

0-D-0 92.2219' 92.4615)

o A V r  5 . 4  6 . 6
g e f i  t . o o r s  r . o o r o

*unshared eilge.

.rshared edoe.

+oc tahedtaT ang ie  va t lance ( '2 t .

f touadra t ic  eLangaZion .
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Large values of isotropic temperature factors and relatively
high R-indices in early refinements of the USP75 and USPIOO
specimens suggested the possibility that static positional disor-
der resulting from mixing of Fe and Ti on the octahedral sites
might be contributing to the apparent thermal factors. In order to
account for this, anisotropic thermal ellipsoids were refined for
the oxygen atoms in USP75-1350, USP75-1350,8004 and
USPIOO-1200, which led to significant improvements in these
refinements. Values of the rms displacements for these atoms are
given in Table 5. The octahedral sites were not found to be
significantly anisotropic. Anisotropic temperature factors were
also allowed to vary for the other data sets but did not result in
any improvements of the fits or in any significant anisotropic
oxygen ellipsoids. Therefore, only isotropic B's were varied in
final refinements.

The usefulness of the profile refinement method, and in
particular the accuracy of estimated parameter errors using this
technique, has been challenged by Sakata and Cooper (1980).

However, Prince (1981) suggests that for well-resolved, uncom-
plicated patterns that are adequately fit by the structure model,
the errors are not likely to be seriously underestimated. ln order
to evaluate this problem, several data sets were also refined
using integrated intensities with the program Mowls (D. E. Cox,
pers. comm.). This program allows overlapping peaks to be
considered as a single observation.

Parameters refined in this way were in all cases within one esd
ofthe values determined from the profile method. The parameter
errors derived from the integrated intensity refinements were
generally within I to 1.25 times those obtained with the profile
method. Thus, it is concluded that the profile refinement method
was satisfactory and the reported esd's are not significantly
underestimated. The profile refinement method was preferred,
however, because ofits inherently greater ability to make use of
the regions of overlapping peaks at high angles.

Magnetic measurements

Hysteresis loops and saturation magnetization values at room
temperature were measured on a vibrating sample magnetometer
at the NASA Goddard Space Flight Center. The instrument was
calibrated before data collection with a Ni standard of known
magnetization. Powder samples weighing 0.04-0.06 gm were
held in plastic sample cups. Fields up to +20,000 oersteds were
employed to saturate the samples. Saturation moments were
determined by extrapolating the magnetization curves to infinite
applied field (H) using the relation M = Ms (l-tH). Constricted
loops were found for samples with 50-80 moleVo Fe2TiOa. Small
amounts of ferro- or ferrimagnetic impurities were also found to
be present in specimens with x > 0.75. This is consistent with the
presence of metallic Fe in the sample of USPI00-1200, which
was expected because Fe-saturation was imposed during synthe-

Table 5. Thermal ellipsoids of oxygen atoms

usP75- usP75- usP100-
1350  1350 .800A  1200

Table 6. Unit-cell parameters and magnetic moments

Seple  ID a  ( A )

M M

ul /ul  (L-)  (enu/q) (p^)
I e  ! e  b  E

MTl00-r350

M T I O 0 - 1 3 5 O , 8 O O A

USP25-I35O

u s P 2 5 - 1 3 5 0 , 8 0 0 A

usP50-1350

u s P 5 0 - 1 3 5 0  ( 7 7  K )

u s P 5 o - r 3 5 0 , 8 0 0 A

u s P 7 5 - 1 3 5 0

u s P 7 5 - 1  3 5 0 , 8 0 0 A

usP100-1200

MTt 00-930

usPl0-930

u s P 2 0 - 9 3 0

u s P 3 0 - 9 3 0

usP40-930

usP60-930

usP70-930

u s P 7 2 . 5 - 9 3 0

u s P 7 5 - 9 3 0

u s P 7 7 .  5 - 9 3 0

usPa0-930

8 . 3 9 5 8 ( 2 )  1 . O 8 4 ( 1 6 )

8 . 3 9 5 3  ( 2 )

a . 4 2 3 7  l 2 l  1 . 0 8 5  ( 2 9 )

a . 4 2 3 6 ( 3 )  r , 0 4 8 ( 1 4 )

a , 4 6 2 5 1 2 )  r . 0 4 0 ( 4 6 )

8 . 4 4 0 ( s ) *  1 . 0 5 1 ( 2 s )

a . 4 6 2 A 1 2 )  r . O 2 3 1 2 9 )

8 . 5 0 7 3  ( l )

8 . 5 0 6 8  ( 2 )

8 . 5 3 4 8  ( 2 )

8 , 3 9 5 4  ( 2 )

8 . 4 0 4 2  ( I )

a.  4r '7 2 l I )
4 . 4 3 1 2  ( 2 )

a-4465 l2l
8 . 4 7 8 5  ( 1 )

4 . 4 9 6 0  ( 2 )

8 . 5 0 0 5  ( 2 )

8 .  s 0 4 8  ( 3 )

8 . 5 0 8 0 ( 1 )

8 , 5 1 I O ( 2 )

3 . 3 9  9 2 . 2  3 . 4 2

2 . 3 3  6 3 . 2  2 . 6 0

2 , 4 9  6 3 . 9  2 . 6 3

1 . 3 8  3 8 . 9  r . 5 8

1 . 6 8

1 . 4 3  3 9 .  O  1 . 5 9

9 1 , 8  3 , 8 1

4 9 . 4  2 . O 2

2 8 . 8  r . r 7

RMS d isp lacement  ( i )  0 .O92(4)
para l le l  to  [111]

R l , rs  d isp lacement  (A)  o .L t6 (3)
perpendicular to II1Ij

0 . 0 9 8  ( 4 )  0 . 0 9 3  ( 4 )

o .  r 2 4  ( r )  0 . 1 4 6  ( 2 )

Dexetmineal frm profife refinenent of neuxton difftaction pattetn'

Af7 reasurefrents at toom temperaxure excepx where inaicated.

,f;"trf,. 
""o 

Mnet tterivett fron neutron iliffraction resilfts.

M- vafues from tugnetometet measurefrents.

sis of this sample. However, for USP75 and USP80, it is not clear

what the origin of this impurity is. It may be indicative of

microscale inhomogeneity and/or the presence of a trace of

metallic Fe in these specimens. The magnetization curves of

USP75, before and after annealing, were also anomalous, with

curvilinear magnetization trends continuing up to the highest

field applied. This probably is indicative of proximity to the

Curie temperature in these specimens. The constricted loops

may indicate particle-size variation and/or compositional inho-

mogeneity (Wasilewski et al., 1975). Annealed specimens had

much lower coercive force, and constrictions were virtually

absent from the loops determined for these samples. Saturation

moments are reported in Table 6.

EIe c t ro n mic roprobe analy se s

Samples of MTl00, USP25, USP50, and USP75 synthesized at

1350'C were analyzed by electron microprobe. Annealed speci-

mens of USP25 and USP75 were also examined. The microprobe

was operated at 15 kV,0.015 pA sarnple current on brass, using a

400,000 count beam integration, a beam spot size ofabout I pm,

and a synthetic Usp56 working standard. Data reduction followed

the procedures of Bence and Albee (1968) and Albee and Ray
(1970). Individual spot analyses were performed on from l5-23
grains in each specimen. The samples were found to be homoge-

neous on the scale of the beam diameter. Averages of the

individual analyses are reported in Table 7. Clearly, each speci-

men has the correct Fe/Ti ratio for the nominal composition. No

diference was found for the specimens after annealing. Qualita-
tive energy-dispersive analysis did not reveal the presence of

chemical impurities in any of the specimens.

Results

Unit-cell parameters

Unit-cell parameters were determined for all specimens

using two-theta values collected on an automated powder



760 WECHSLER ET AL.: CATION DISTRIBUTION IN TITANOMAGNETITES

Table 7. Electron microprobe analyses

Values quoteit are the rean anil sXanilatil lleviation fot xhe nunibet
of indiviatuaT sEDt anaigses shom.

A77 Fe teckoned as FeO.

MoLe Z Fe27iO4 caLcufaxed assuming R3O4stoichioreXtg.

X-ray diffractometer, using the procedures described by
Wechsler (1981). The positions of 13 CuKal reflections
between 30 and 90' two-theta were included in the least-
squares refinement program cplse (Wechsler, lgEl). In
addition to the cell edge, a systematic error correction for
sample displacement was refined for each set of data.

Unit-cell parameters are reported in Table 6 and Figure
l. The trend is essentially an s-shaped curve similar to
that reported by Lindsley (1965) for samples prepared
hydrothermally at 800"C and Banerjee et al. (1967) for
specimens sintered at 1100'C in evacuated silica tubes.
The present results strongly suggest that the trend is
continuous between x = 0 and x : 0.75, with curvature
gradually decreasing toward x = 0.75. These data are also
suggestive of a relatively sharp break at about x : 0.75
followed by a possibly linear trend to x = 1.0. This
discontinuity may be indicative of nonstoichiometry (cat-
ion deficiency) in the specimens with x > 0.75. It should
be noted, however, that at room temperature the titano-
magnetites undergo a transition from paramagnetic to
ferrimagnetic in the vicinity of x = 0.75, which might also
contribute to the change in slope in this region.

No significant change in cell parameter was detected
for specimens annealed at 8fi)'C following quenching
from 1350'C, nor is there any difference between the
trends observed for samples (x = 0, 0.25, 0.5) synthesized
at high temperature under controlled fo2 conditions and
those synthesized at 930"C in evacuated silica tubes. The
cell parameters for USP75 prepared at 1350"C (before and
after annealing), however, are significantly larger than
that of USP75 made at 930'C. The reason for this is not
certain. A possible explanation is that the wiistite-saturat-
ed spinel at 1350'C has a cation excess relative to the
930"C specimen. This would be in accord with the change
in composition of the spinel in equilibrium with Feo +
wiistite between 1000 and 1300"C reported by Simons and
Woermann (1978). An alternative possibility is that the
1350"C USP75 is -2 mole Vo morc Fe2TiOa-rich than the
930"C sample, although no such variation was detected in
the microprobe analyses (Table 7).

Although Akimoto et al. (1957) suggested a nearly
linear dependence of the cell parameter on composition
and Bleil (1976) proposed a straight line as the best fit to

the a-x data, the present measurements confirm with a
high degree of certainty that the deviation from linearity
is significant. Akimoto et al.'s cell parameter measure-
ments, though showing a somewhat greater scatter than
those reported here, are, in fact, consistent with this
trend.

O'Reilly and Banerjee (1965) claimed that changes in
slope near x = 0.2 and x : 0.8 supported their model for
the cation distribution in titanomagnetites. More recent-
ly, Newton and Wood (1980) have advanced a similar
argument based upon assumed cation preferences for the
tetrahedral and octahedral sites to explain the observed
trend. However, results presented below do not support
the contention that the cell parameter variation is con-
trolled by changes in the cation distribution with compo-
sition, and an alternative explanation will be proposed.

Space group

The spinel structure has space group Fd3m. This space
group requires equivalence among octahedral sites and
among tetrahedral sites, at least as averaged over the

diffracting volume. For spinels in which different types of
cations occur together on the same sites, this implies a
random distribution of the cations over equivalent sites.
When such equivalence is violated, the cations may order
in a variety of ways, reducing the symmetry. Haas (1965)

has derived the possible space group transformations
which may result from various ordering schemes among
the spinel A and B sites.

Previous neutron and X-ray difraction studies of mag-
netite (e.9., Hamilton, 1958; Fleet, l9E2), ulvlospinel
(Ishikawa et al., l97l; Forster and Hall, 1965), and

FelOa Mole % Usp

3o 40 50 60 70 80 90 100
FezTiOa

Fig. l. Variation of unit-cell parameters with composition for
titanomagnetites synthesized in this study. A portion ofthe line
is dashed because the "lNVo Fe2TiOa" specimen is actually
nonstoichiometric. Open symbols indicate samples synthesized
at 1350'C in a controlled atmosphere, solid symbols indicate
samples synthesized in evacuated silica tubes at 930"C (1200'C

for "Usp1qo").

Feo (tr .  t )

MoIe t  No, of

TiO2 (st ,  t )  Fe2TiO4 lMalyses

irTI0o-I350 92.4 14)
usP25- I350 84 .5  (3 )
usP25- I350,800A 84.8(4)
usP50-1350 78 .9(4)
usP75- I350 70 .7  (4 ,
usP75- I350,800A 70.7(3)

8 .  s  ( r )
8 ,  s  ( r )

r 7 . a ( 2 1
2 6 . 3  ( 3 )
26.2 (21

0 . 0
2 4 . 9 ( 3 )
2 4 . 8  ( 3  )
5 0 .  6  ( 4 )

7 s .  I  ( 6 )

7 5 . 0  ( 6 )
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I 6
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o
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o
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Fig. 2. Oxygen parameter values from
structure refinements.
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No such extra reflections or splitting of spinel peaks was

observed. All the patterns were consistent with Fd3m,

including the 77 K data on USP5O. However, as will be

discussed more fully below, observations of difuse scat-

tering and large temperature factors may indicate local

symmetry lower than Fd3m.

Positional parameters

Only one positional parameter is variable in Fd3m, the

oxygen coordinate, a. Refined values of a are listed in

Table 3 and shown in Figure 2, and the resulting inter-

atomic distances and angles are given in Table 4 and

Figure 3. For comparison, other values of z reported for

titanomagnetites are listed in Table 8. In general, the

agreement with other reported values is good. The value

u = 0.256 for x : 0.56 reported by Ishikawa et al. (1964)

appears rather low; however, their value is uncertain due

to the lack of an extinction correction on their single-
crystal data. The value of u for a natural titanomagnetite
with 59 mole Vo Fe2TiO4 (Stout and Bayliss, 1980) is

considerably diferent from the trend reported here, al-
though values for two other natural titanomagnetites are

much more similar. The data of Fujino (1974) are in good

agreement with the present results except for the most

Fe2TiOa-rich compositions. These may well be compli-
cated by varying degrees of nonstoichiometry in different

suites of samples prepared by different methods.
The trend of the data shown in Figure 2 is suggestive of

an s-shaped curve describing the dependence of u on

composition, similar to that obtained for the cell parame-

ter. Interpretation ofthe Usp-rich portion ofthese curves
is, however, complicated by the known nonstoichiometry

of the USPI00-1200 specimen. In Figure 4, the data are
shown in terms of a vs. u and A-O vs. B-O distance.

Clearly, the trend is linear from x = 0.25 to x : 1.0, but
changes slope significantly between x : 0 and x : 0.25.
Since these two parameters alone give a complete de-
scription of the average crystal structure, it is thus
evident that a major change in the way the structure
responds to varying composition occurs in the low-Ti
region of the series. Possible reasons for this change in
behavior will be discussed below.

The oxygen parameter was identical for annealed and
unannealed specimens wi th x  :0.25,  x :0.5,  and x:
0.75, suggesting that no change in cation distribution
occurred as a result of annealing.

Temperature factors

For all refinements, an individual isotropic or anisotro-
pic temperature factor was refined for each site (Tables 3
and 5, Fie. 5). Clearly, the values of B for each site

increase significantly with increasing Fe2TiO4 content.
The octahedral site B increases least rapidly, while the

oxygen temperature factor increases the most. This prob-
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o
o

I

o

roo
Fe2Ti 04

neutron difraction

intermediate titanomagnetites (Ishikawa et al., 1964),
have found no evidence contradicting the assumption of
Fd3rn symmetry. However, powder patterns obtained in
the present study are considerably better resolved than
those of earlier studies. Although powder patterns are
generally not the ideal means of determining space group
symmetry, neutron diffraction does provide a sensitive
test for ordering of Fe and Ti, as well as Fe2* and Fe3+, in
titanomagnetites. Any such ordering would result in
readily visible superstructure lines in the powder pattern.

Inierolomic Dislonces (A)

hor

Fig. 3. Variation
composition.

Mole % Uso

of selected interatomic

roo
Fe2Ti04

distances with ably reflects static positional disorder of the atoms as a
result of mixing of Fe and Ti on octahedral sites. Similar

O-O (unshored oclohedrol edge)
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Table E. Oxygen parameter values for titanomagnetites

Mole t

Fe2TiO4 Coments Reference

0
0

0
o

2 3
2 4
4e
56
58
59

70

7 3
1 4

81
90
92
95

99
IO0
ro0

0 . 2 s 4  (  I )
0 .  2 5 4 8  ( 2  )
o . 2 5 4 2 l 9 ' ,
o .2552 (4 '

o .2549 (L ' '

0 . 2 s 5 3  ( 6  )
o .  2ss6  (  lo )
0 .2568 (  10)
o . 2 5 6
o . 2 5 4 7  ( 7 1

o.2620 12)
0 .  2s87 (  10)
0 .2s94 (41

0.2609 (10)

o.2599 (2', '

o , 2 5 9 5  ( 2 1

0 . 2 5 1 3  ( 1 0 )

o .  2611 (  9 )
o .2614 (2 )

0 .  2 6 r  ( r )

0 .  26s  (  10)
0 . 2 6 1  ( 1 )

Natural' single crystal. x-ray diffraction
Slmthetic, single crystal, neutron diffraction
Syntietic, trrwder, x-ray diffraction
Natual, single crystal. x-ray tl i ffraction
Natwal, single crystal, x-ray diffraction
synthetic, single crystal, x-ray diffraction
Slnthetic, powder, x-ray diffraction
Synthetic, powder, x-ray diffraction
Synthetic, single crystal, neutron diffraction
synthelic, single crystaL, x-ray diffraction
Natural, single crystal, x-ray diffraction
Synthetic, trwder, x-ray diffraction
S)mthetic, single crystal, x-ray diffraction
Synthetic, trnder, x-ray dif fraction
Natwal, single crystal, x-ray diffraction
Natural, single crystal, x-ray diffraction
Synthetlc, pdder, x-ray diffraction
Stmthetic, trryder, x-ray dif fraction
Synthetic. single crystal, x-ray diffraction
Synthetic. single crystal, neutron diffraction
Synthetic, pqder, neutron diffraction
Synthetic, powder, x-ray diffraction
Synthetic, powder, neutron tliffraction

Claasen (1926)

Hdilton (1958)

Fu j ino  (1974)

Yakel (I9S0)

Fleet (1981)

Fujino (1974)

Fujino (1974)

Fujino (1974)

Ishikawa et al. (1964)

Fu j ino  (1974)

Stout and Bayliss (1980)

Fujino (1974)

Fu j ino  (1974)

Fu j ino  ( I974)

Stout ed Bayliss (1980)

Stout i lal BayLiss (1980)

Fu j ino  (1974)

ru j ino  (1974)

Fu j ino  (1974)

Ish ikawa e t  a l .  (1971)

Ishikava et a.l. (1964)

Bdth i ld Posnjak (1932)

Forster i ld Hall (1965)

ALJ, vaTues refetred to clpice of unit-cell otigin at centet of sgretrg,

observations were also made by Fujino (1974). This
interpretation is also suggested by comparing the tem-
perature factors determined for USP50-1350 at 298 K and
77 K (Fig. 6). The octahedral site B extrapolates to near
zero at 0 K as expected if the displacements are due only
to thermal motion, whereas B's for the tetrahedral site
and oxygen have values of about 0.4 and 0.5, respective-

ly, at 0 K. These values indicate that a significant portion

of the atomic displacements may be due to distortions
from the average stnrcture rather than thermal motion.

The orientations of thermal ellipsoids refined for
USP75 and USPIOO (Table 5) indicate that displacement
of the oxygen from its mean position is much greater

within the (l l l) plane than perpendicular to it. In fact, the
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Fig. 4. (a) Unit-cell edge vs. oxygen parameter. (b) A-O
distance vs. B-O distance. Numbers indicate mole Vo Fe2TiOa.
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Fig. 5. Variation of isotropic or equivalent isotropic
temperature factors of tetrahedral, octahedral, and oxygen sites
with composition. Values shown for intermediate compositions
are those determined on annealed specimens.
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Oclohedrol(B) sile

,".o.ll?u," (K) 
too :

Fig. 6. Isotropic temperature factors of USP50-1350 at room
temperature and 77 K.

RMS displacement of oxygen perpendicular to (lll) is
essentially identical in USP75 and USPl00 to that in pure
magnetite, suggesting that all of the excess (nonthermal)

contribution to the displacement in these materials occurs
within the (l l l) plane.

Temperature factors determined for the annealed speci-
mens of USP50 and USP75 were slightly higher than
those before annealing. However, the values for USP25
were equal (for A-site and oxygen) or slightly less (for the
B site) after annealing than before.

Magnetic moments

Shull et al (1951) confirmed the N6e1-type ferrimagnetic
ordering scheme in magnetite. Later studies of magnetite
(e.9., Hamilton, 1958) and titanomagnetites (Ishikawa et
al., 1964., l97l) were also consistent with this magnetic
ordering, as are saturation magnetization measurements.
Although powder neutron diffraction techniques do not
provide any information on the orientation of the magnet-
ic moments in the structure (Shirane, 1959), they do yield

information on the magnitude of the moments as well as
confirming the type of ordering.

The net spontaneous magnetization, assuming colinear
ferrimagnetic ordering with A and B sites coupled anti-
parallel to one another, is given in Table 6 for MTl00,
USP25, and USP50. These values are somewhat lower
(by -5-l0Vo) than the saturation magnetization deter-
mined at room temperature (Table 6, Fig. 7). Overall, the
net magnetic moments and saturation magnetization val-
ues display an essentially linear trend with composition,
with no difference between the 1350 and 930'C suites of
specrmens.

The individual site moments are significantly lower
than might be expected at room temperature. The value
gA = +.Ot p.s in MTl00-1350 is only 80%o of the
theoretical spin-only 0 K moment of 5 Acs expected for

Fe3+ in purely inverse magnetite. Studies of the tempera-

ture dependence of the sublattice magnetizations in mag-

netite (Riste and Tenzer, 196l; van der Woude et al.,

1968) have been limited to room temperature and above,

but M<issbauer spectra collected at room temperature and

low temperature for magnetite (Banerjee, O'Reilly, and

Johnson, 1967; Kundig and Hargrove, 1969; Hargrove

and Kundig, 1970; Dickof et al., 1980) suggest 94-96Vo
saturation of the A site Fe3+ moment at room tempera-

ture. The site magnetizations determined here for USP50
at 77 K are only about 90Vo of those that would be

expected for the moments at 0 K.

Some of this discrepancy may lie in the effects of

covalent contributions to the bonding, resulting in mag-

netic moments lower than those expected for the free

ions. Sawatzky and van der Woude (1974) calculated
moments of 4.31 and 4.62 g.s for A and B site Fe3+ in

ferrites, including covalency, and Dickof et al. (19E0)

observed a magnetic moment of 4.55t0.06 ps for B site
Fe3+ in magnetite from magnetization data on zinc-

substituted magnetites. The observed moments for the A

and B site Fe in magnetite in this study are not inconsis-

tent with such values. However. the fact that the net

moments derived from neutron difraction are about 0.1-

0.4 ps 6-10%) lower than the magnetometer results

obtained here indicates there may be other factors con-
tributing to the discrepancy. The refined magnetic mo-

ments could perhaps be slightly underestimated due to

uncertainties in the magnetic form factor and the lack of

corrections for absorption and thermal diffuse scattering.
It is also possible, however, that the spontaneous magne-

tization at zero applied field, as determined by neutron
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diffraction, is appreciably lower than the saturation mag-
netization measured at essentially infinite applied field
due to the presence ofdomain boundaries, local composi-
tional inhomogeneities, or other defects.

In order to estimate the Fe2+-Fe3* occupancies from
site magnetization data obtained at room temperature, it
is necessary to know the actual ionic moments at 0 K and
the temperature dependence of the magnetic moment of
each species on each site for all compositions. In the
absence of sufficient experimental data, the following
approximations can be made: (l) the Fe2* and Fe3+
magnetic moments are independent of which site the ions
occupy; and (2) lrFez, = (415)p,p.z* at all temperatures. The
ratio pfr./pfl" (where g,p" is the average magnetic moment
for all Fe species on a given site) then uniquely deter-
mines the cation distribution. The observed values (Table
6) are very nearly those which would be expected for the
Akimoto distribution (Fig. 8). The value for USP50 at 77
K is essentially identical to that at room temperature,
suggesting that the approximation of equal temperature
dependencies of the magnetic moments on the two sites is
valid, at least for this composition. Although the assump-
tions used in this calculation are probably not rigorously
correct, the observed trend is certainly consistent with
and suggestive of a cation distribution similar to that
predicted by the Akimoto model.

The results also indicate no significant difference in the
individual site moments for USP25 and USP50 before and
after annealing. However, in both cases, the small
changes in the parameters result in decreased pfJp\"
after annealing, and a slight increase in net moment.
Magnetometer measurements reveal a significant de-
crease in coercivity and a faster approach to saturation in
the annealed specimens, but virtually identical saturation

Fe3O4 Fe2TiOa

Fig. 8. Ratio of magnetic moments for Fe on A and B sites for
5 specimens studied by neutron difraction and two theoretical
models.

moments. Such changes are not consistent with any
increase in cation ordering as a result of the annealing.
The observed changes probably reflect annealing out of
defects and improved homogeneity rather than any
change in cation ordering.

Occupancy refinements

Since the suggestions by Gorter (1957) and Akimoto et
al. (1957) regarding the possibility ofTi in the tetrahedral
site of titanomagnetites, many investigators have ad-
dressed this question. Forster and Hall (1965) concluded
from X-ray and neutron diffraction data that -9Vo of the
Ti in their specimen of (nominally) Fe2TiOa was in the
tetrahedral site. However, Ishikawa et al. (19&, l97l)
and Fujino (1974) detected no tetrahedral Ti. More re-
cently, Stout and Bayliss (19E0) suggested the presence of
tetrahedral Ti in a natural titanomagnetite based on X-ray
structure refinements, although in two other natural spec-
imens they found no evidence for tetrahedral Ti. Magnet-
ic data on titanomagnetites can all be reasonably well

explained assuming all Ti is octahedral, although such
measurements do not prove this contention.

Occupancy refinements were performed on all neutron
diffraction data with two objectives in mind: to determine
whether any Ti was present in the tetrahedral site, and to
check the total occupancy of Ti against the nominal
compositions of the samples. The first of these was
accomplished by varying the occupancy of tetrahedral Ti,
while constraining the total Ti content and the total
occupancy of both sites. The second was studied by
varying the octahedral site Ti occupancy only, keeping
the total octahedral site occupancy of Fe + Ti fixed, and
tetrahedral Ti fixed at zero.

In USP25, USP50 and USP75, both annealed and
unannealed specimens gave refined values ofTi (tetrahe-

dral) within two esd's of being zero. Because of the large
difference in neutron scattering cross sections between
Fe and Ti, this result is extremely significant, with esd's
of 0.003-0.007 cations per tetrahedral site. For USPI00,
the occupancy cannot be determined as easily because of
the assumed presence of cation vacancies whose fraction-
al occupancies on the two sites are also unknown. The
refinements for this sample are consistent with the vacan-
cies being distributed approximately equally over both
tetrahedral and octahedral sites, with all Ti octahedral, or
with the vacancies being all octahedral and a small
amount of Ti GlVo) in the tetrahedral site. Models in
which the tetrahedral Ti is greater than this or in which
the vacancy is entirely tetrahedral can be rejected. This
result is particularly interesting since the Ti content of
this specimen is 1.035 cations per 4 oxygens, greater than
that of stoichiometric ulvcispinel.

All refinements of total Ti, with Tia = g and (Fe+Ti)s
:2,gave occupancies ofTi no more than 2 esd's from the
nominal composition, with most esd's <0.01. Therefore,
final refinements kept Ti entirely in the octahedral site
and fixed at the nominal occupancy expected for the

40 50 60

Mole  % Usp
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given composition. No significant change was found for
samples before and after annealing, although changes in
composition of l-2 mole Vo Fe2TiOa would not be incon-
sistent with these findings.

Previous reports of tetrahedral Ti in titanomagnetites
are probably spurious. In the case of Forster and Hall's
(1965) result, their specimen was most likely nonstoichio-
metric, and the deviation from their assumed composition
may have resulted in the apparent tetrahedral Ti. The
results of Stout and Bayliss (1980) may indicate the
presence of a small amount of a lighter element in the
tetrahedral site. However, a plausible alternative to tetra-
hedral Ti is that some Mg, Al, and/or Si, which they
assigned to the octahedral site, are actually present in the
tetrahedral site. Their reported microprobe analyses indi-
cate the presence of sufficient quantities of these ele-
ments to account for this effect.

Diffuse scattering

Background levels were determined for all powder
patterns by averaging from 10-20 point intensities (0.5-l'

two-theta) at clear portions of the patterns. Since the
spinel pattern is relatively uncomplicated, the back-
ground is quite well determined, even at high angles,
where some peak overlap occurs. The background esti-
mate for USPI00-1200 is shown in Figure 9. Several
areas of diffuse scattering are present. These were found
in all the Ti-bearing specimens, and were seen to increase
in intensity with increasing Ti concentration as well as
with annealing.

Although the origin of this diffuse scattering is not fully
understood, it almost certainly arises from local devi-
ations from the average structure. The greatest contribu-
tion to this scattering probably is due to the mixing of Fe
and Ti on the octahedral site. The increase in diffuse
intensity observed following annealing may be indicative
of slight changes in cation ordering and suggests the
possibility that short-range order among octahedral cat-
ions may be present. Short-range order might develop
with increasing Ti content as a result of the greater

electrostatic repulsive potential between neighboring oc-
tahedral sites. With local order in a tetragonal (P4Q2) or
orthorhombic (Imma) configuration, the number of near-
neighbor Ti ions surrounding a given Ti ion can be
reduced relative to a random distribution among the
octahedral sites, thus minimizing the electrostatic repul-
sive potential. Calculated powder patterns indicate that
the tetragonal variant is more likely to produce the
observed distribution of diffuse scattering, although other
local ordering arrangements, perhaps of lower symmetry,
might also be present and contribute to the diffuse scatter-
lng.

The presence of short-range order in inverse spinels
has been predicted on the basis of energy considerations
(e.g., deBoer et al., 1950; Anderson, 1956). Powell and
Powell (1977) suggested short-range order effects to ex-

plain the approximate ideality of titanomagnetite solid

solutions at high temperature with a molecular mixing

model. Jacob and Alcock (1975) and Wechsler and Nav-

rotsky (1982) found evidence of short-range order in

Zn2TiOa and M gzTiOd,, respectively, from thermochemical

data. Furthermore, Mg2TiO4, MnzTiOa, and Zn2TiOa

spinels have been observed to transform to the P422

ordered structure at low temperatures (Vincent et al.,

1966; Delamoye and Michel, 1969; Wechsler and Von

Dreele, 1983). Thus, although the present observations of

diffuse scattering are not conclusive, there is at least

permissive evidence that short-range order may be of

considerable importance in titanate spinels. As will be

discussed more fully below, the crystallographic and

magnetic properties of titanomagnetites are also consis-

tent with this interpretation.

Discussion

The trends reported here for the variation of the unit-

cell parameter, oxygen parameter, and magnetic mo-

ments as a function of composition do not support the

contention of a quenchable temperature-dependent cation

distribution in titanomagnetites as proposed by Stephen-

son (1969) and Bleil (1971,1976). No significant difference

was found for any ofthese measured properties as a result

of synthesis (quenching) temperature, or post-synthesis

annealing. The magnetization data suggest strongly that

the average Fe2*-Fe3+ distribution is highly disordered in

these specimens, and is probably quite similar to the

Akimoto model. Of course, the possibility that a high-

temperature distribution was retained metastably during

annealing at 800"C and was created metastably during

synthesis at 930'C cannot be absolutely ruled out, but

seems unlikely.
Although room-temperature saturation magnetization
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data lie somewhat below the trend predicted for the
Akimoto distribution model (Fig. 7), it is important to
recognize that magnetization is reduced by thermal disor-
der at temperatures above 0 K. Estimates can be made of
the 0 K moments of two of these specimens. The room
temperature moment observed for magnetite is compara-
ble to values reported elsewhere (see Smit and Wijn,
1959), and it can thus be expected that the 0 K saturation
moment will be in the vicinity of 4.1 ps. For USP50,
neutron diffraction experiments suggest an increase in the
net moment of 0.3 g.s, or about 20Vo, between room
temperature and 77 K. Therefore, the extrapolated satu-
ration moment at 0 K is likely to be on the order of 1.9-
2.0 pu, suggesting that the cation distribution is very
nearly that expected for the Akimoto model, which
predicts a value of 2.0 pts for this composition.

The present results are also consistent with suggestions
that the Fe2+ and Fe3* magnetic moments (extrapolated
to 0 K) are somewhat lower than the theoretical spin-only
values of 4 and 5 ps, perhaps resulting from covalency
effects. Thus, actual site occupancies cannot be precisely
inferred from magnetization measurements assuming the
theoretical moments, since such measurements give only
the net moment, i.e., the difference between octahedral
and tetrahedral site magnetizations. Nevertheless, the
essentially linear trend in magnetization found in this
study and in several previous low-temperature magnetic
studies gives a strong indication that the Fe2+-Fe3+ site
occupancies vary approximately linearly with composi-
tion. The A and B-site moments determined by neutron
diffraction also support this conclusion. On the other
hand, a slight octahedral preference for Fe2* (= tetrahe-
dral preference for Fe3*) in the low-Ti region would also
be consistent with both the magnetic and crystallographic
properties determined in this study and cannot be ruled
out.

Earlier studies have suggested that apparent discontin-
uities in the dependence of cell parameter upon composi-
tion, as well as breaks in other trends, were an indication
of changes in the cation distribution. However, the data
presented here suggest a continuous cation substitution
scheme in which the tetrahedral and octahedral site
occupancies vary essentially linearly with composition.
The nonlinear variations of the cell parameter and oxygen
parameter with composition can perhaps be reconciled to
this cation distribution by considering the possible impor-
tance of octahedral cation interactions.

In the spinel structure, the parameters a and z are
sufficient to describe fully the structural topology. The
oxygen parameter is commonly thought of as an expres-
sion of the ratio of tetrahedral to octahedral cation-
oxygen distances, while the cell parameter expresses the
overall volume of the structure. Studies of spinel system-
atics (Hill et al., 1979) indicate that as much as 97Vo of the
variability in a and a can be explained on the basis of
assumed cation radii (Shannon, 1976). Nevertheless, oth-

er structural elements are directly related to the parame-

ters a and u and may have significant effects on their
values. Specifically, the A-A, B-B, and A-B distances
are directly proportional to a, while the lengths of the
tetrahedral and octahedral edges are related to both a and
z. The octahedral site has two nonequivalent edges, one
shared with neighboring octahedral sites and the other
unshared. The relative lengths of these edges are related
to a, with increasing a indicating a shortening of the
shared edge relative to the unshared edge.

While the A-A and A-B distances are fairly long, 3.5-
3.7A, the B-B distance, which varies from approx. 2.97 i+,
in magnetite to 3.02A in ulvcispinel, is short enough to
result in possibly significant interactions between octahe-
dral cations. Indeed, the electron delocalization or hop-
ping found in magnetite is testimony to the existence of
such interactions. Any interaction with a tendency to
increase the average B-B separation must result in a
Iengthening of the cell edge. Similarly, increased B-B
repulsion would also be likely to result in a relative
shortening of the shared octahedral edge and thereby to
increase n as well.

The s-shaped trends in a and u vs. composition (Figs. I
and 2) indicate greater dependence ofthese properties on
composition with increasing Ti content (up to x :0.75).

Furthermore, the variation of a with z (Fig. 4a) suggests
that a significant change in behavior takes place in the
low-Ti region of the titanomagnetite series. Two possible
mechanisms that might take effect at low Ti concentra-
tions are proposed to explain these observations.

First, the presence of Ti4* ions in adjacent octahedral
sites may cause a significant increase in the B-B repulsive
potential. For a statistically random distribution of Fe and
Ti among the octahedral sites, Ti-Ti pairs would always
exist in neighboring octahedral sites at compositions with
x > ll3, although even for x < ll3, the probability of
finding Ti in adjacent sites would still be finite. The
increased repulsion that might result from such interac-
tions could contribute to the observed increasing depen-
dence of a ar'd u on composition.

Second, the presence of small amounts of Ti may
inhibit the electron delocalization ofoctahedral Fe. Ifthis
were to result in relatively greater repulsion (or less
attraction) between the octahedral cations, this effect
might also help to explain the observed crystallographic
changes.

The effect of Ti-Ti repulsions might be mitigated by the

development of short-range order, thereby accounting for

the change in slope of the a and a vs. x curves at higher Ti

concentrations. A second factor that may contribute to

the relatively sharp break in these trends near x : 0.75 is

nonstoichiometry. It is possible that the relatively high

coordination of Ti by other Ti ions in close proximity

requires a relatively large volume increase. This might be
responsible for the instability of stoichiometric spinel
relative to Feo + cation-deficient spinel as observed in



phase equilibria experiments near the Fe2TiOa end-mem-
ber by Simons and Woermann (1975).

The Akimoto model requires that exactly ll2 of the
octahedral sites be occupied by Fe2* for all compositions
and that Fe3* (A) exactly equals Fe3* (B). For this
distribution to be attained without any symmetry con-
straints (i.e., splitting ofequivalent sites into nonequiva-
lent sites, thereby lowering the space group symmetry)
inconsistent with Fd3m is remarkable and requires crys-
tal-chemical justification. One possible explanation for
the establishment of this distribution requires the assump-
tion that the structure is energetically most stable when

the octahedral site contains no more than one (Fe3* +

Tia*) per formula unit. Assuming Tia* has a strong
octahedral site preference, this implies that the maximum
acceptable amount of octahedral Fe3* is always present.

This may be controlled, or at least influenced, by a
tendency toward maintaining equal numbers of Fe2* and
Fe3* ions on the octahedral sites, subject to the above
constraints. Such an arrangement may be favored by a
tendency toward electron delocalization between Fe2*
and Fe3+, which is clearly evident in magnetite at room
temperature and may be present in titanomagnetites as
well. Similar observations have been made by Robbins et
al. (1971) for the system Fe3-^Cr*Oa and by Evans et al.
(1976) in Fe3-^Sn*Oa.

Another solution to the problem of establishing the
Akimoto distribution is the possibility of short-range

order. In general, the symmetry at a given octahedral site
must be lower than 3m (octahedral site symmetry of the

average structure) because of the near neighbor cation
distribution. It is conceivable. then. that the octahedral
sites might become energetically nonequivalent, so that
half the sites are favorable for Fe:*. and the remaining
sites are favorable for Fe3* and Tia*. This could produce

an Akimoto-type distribution without requiring long-

range order. The requirements of local charge balance

may favor cation ordering. Such short-range order might

also be enhanced by a tendency toward pairwise interac-
tions between Fe2* and Fe3*, since a locally ordered
arrangement would allow greater near-neighbor coordina-
tion ofoctahedral cations by other octahedral cations ofa

differing species, relative to a random distribution.
A further question that remains unanswered is whether

the Akimoto distribution truly represents the high-tem-
perature limit for cation disorder or whether a more
random distribution may be stable at high temperatures.
The transition to a statistically random Fe2*-Fe3* distri-
bution requires only the transfer of an electron between
Fe on the A and B sites. Numerous studies suggest the

importance of thermally-activated electron delocalization
in Fe-bearing minerals (see Burns et al., 1980). In addi-
tion, Mcissbauer spectra suggest the loss of discrete
Fe2*-Fe3* species at -600'C in magnetite (Evans, 1973).

Whether the electron delocalization also involves Fe in
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the A-site is uncertain, but thermoelectric measurements

(Wu and Mason, 1981) support a truly random distribu-

tion in Fe3Oa at high temperature.

It is interesting to speculate in this connection that the

apparent discontinuity in thermochemical properties of

coexisting titanomagnetites and hematite-ilmenites in the

vicinity of 850'C might be related to the transition be-

tween a statistically random distribution of Fe2*-Fe3*
(and/or Fe-Ti) at high temperature to Akimoto-type or-

dering at low temperature. If the cation distribution has,

in fact, been quenched from high temperature, then the

results presented here suggest that statistical disorder

may not be approached even at 1350'C. It seems more

plausible, however, to view the electrons as being suffi-

ciently mobile that equilibrium may be established at

relatively low temperature, and that the high-temperature

distribution cannot be quenched in.

If the Akimoto distribution is indeed the actual configu-

ration for the titanomagnetite series, then previous low-

temperature magnetization measurements on synthetic

specimens that gave saturation moments significantly

lower than the Akimoto model (Akimoto et a1., 1957;

O'Reilly and Banerjee , 1965; Bleil, 1976) may have been

in error. Most of these specimens were synthesized from

oxide mixes in evacuated SiO2-glass tubes at I100-1150'C

for 6-20 hours. One suite of samples (Bleil, 1976) was

synthesized in a controlled atmosphere at 1100"C, but no

further details of synthesis procedures were given. Jensen

and Shive (1973) have suggested that the disparity in

saturation moments may be due to incomplete homogeni-

zation of the synthetic materials. More recently, Lawson
(1978) also noted difficulties in producing homogeneous

single phases in the hematite-ilmenite system using the

evacuated SiO2 tube sintering process.

The correspondence in saturation magnetization values

and unit-cell parameters for specimens prepared by dif-

ferent techniques at temperatures between 800 and

1350'C suggests that a reasonably close approach to

equilibrium was probably achieved in the materials stud-

ied here. Discrepancies between these results and some

previous studies can probably be ascribed largely to the

difficulties involved in preparing homogeneous unoxi-

dized titanomagnetites.
Another possibility must also be taken into consider-

ation, however. The materials synthesized at 1350'C in

this work were prepared in gas mixtures selected to

impose wtistite saturation in the spinel phase' The study

of Arag6n and McCallister (1982) suggests that titanomag-

netites in equilibrium with wustite have a slight cation

excess. It is likely that both the thermodynamics and

kinetics of cation ordering in titanomagnetites are sensi-

tive to variations in cation/anion ratios, and therefore

some of the differences between cation distributions

infrerred in this and other studies could be due to

differences in the degree of cation or anion excess.

WECHSLER ET AL.: CATION DISTRIBUTION IN TITANOMAGNETITES
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Conclusions

Crystallographic and magnetic properties were deter-
mined for a suite of synthetic titanomagnetites. No signif-
icant differences were found in the unit-cell parameters,
oxygen positional parameters, or magnetization as a
result of different synthesis temperatures (930 and
1350'C) or annealing (800'C for up to 95 days). These
results do not support models that propose a quenchable
temperature-dependent Fe2*-Fe3* distribution. Rather,
the saturation magnetization and individual sublattice
magnetic moments suggest that all of the specimens have
a cation distribution similar to that proposed by Akimoto
(1954). AII Ti was confirmed to be in the octahedral
position. The significantly larger temperature factors ob-
served for Fe2TiOa-rich compositions suggest the pres-
ence of a considerable degree of positional disorder,
presumably due to the mixing of Fe and Ti on the
octahedral sites.

Unit-cell pa"rameters vary smoothly but nonlinearly
between 0 and 75 mole Vo Fe2TiOa. A relatively sharp
break in the trend near x : 0.75 may be due to cation-
deficient compositions in the most Fe2TiOa-rich speci-
mens. Variation of the oxygen positional parameter with
composition is similar to that of the cell parameter.
However, the a vs. u trend reveals that a significant
change in behavior takes place in the low-Ti region.
These features may reflect the importance of cation-
cation repulsive interactions and/or changes in Fe2*-
Fe3+ electron delocalization properties.

Diffuse scattering was observed in neutron diffraction
patterns, its intensity increasing with increased Ti con-
tent. Some of this scattering may be influenced by short-
range order, involving octahedral Fe-Ti and/or Fe2+-
Fe3*. The apparently disordered Fe2+-Fe3+ distribution
inferred from magnetic data may pertain only to the
average structure and might actually be a consequence of
substantial cation ordering on a local scale. The present
results provide no indication of whether or not a statisti-
cally-random Fe2*-Fe3* distribution is approached at
high temperature for intermediate titanomagnetites. If so,
then the Akimoto distribution may form on quenching
and thus represent a low-temperature state rather than
the high-temperature limit of cation disorder as has
previously been supposed. Clearly, some type of high-
temperature measurements, perhaps involving crystallo-
graphic, thermochemical, or electrical properties, will be
required to resolve the actual cation distribution as a
function of temperature.
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