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Magnetization measurements are presented for the Fe;_, Ti, O, series in the range 0=x <1. A
new model of Fe’*-Fe?* cation distribution is proposed based on saturation-magnetization data. A
tilting of the easy magnetization axis away from the [001] direction was encountered at tempera-
tures approaching 4.2 K for the titanium-rich specimens. Anomalies in the hysteresis parameter in
the temperature range 40-100 K are reported. A distribution of Fe?*, Fe’*, and Ti** ions on
tetrahedral and octahedral sites is proposed on the basis of saturation magnetization measurements,
which differs to some extent from earlier models published in the literature.

INTRODUCTION

Titanomagnetites of composition Fe;_ Ti O, have
been the subject of numerous investigations which docu-
ment their complex magnetic behavior, particularly at
low temperatures and at high Ti concentrations.

The magnetocrystalline anisotropy of titanomagnetites
was found by Syono and Ishikawal'? to rise very steeply
below 200 K with increasing x. The various parameters
characterizing hysteresis loops were studied in polycrys-
talline materials by Banerjee et al. * at 77 K and by
Schmidbauer and Readman* in the temperature range
4.2-300 K. Both the remanence and the coercive force
increased rapidly at low temperatures in the composition
range x =20.5. Fe;_,Ti,O, with x>0 crystallizes as a
mixed inverse spinel: Ti*" occupies only the octahedral
sites whereas Fe?™ and Fe3" occupy both the octahedral
and tetrahedral sites; the concentration of Fe’t and Fe**
varies with x. At low temperatures titanomagnetites with
x — 1 exhibit a tetragonal distortion® associated with de-
viations of the spontaneous magnetization by about
10°-20° from the (100) direction.® The direction of
tetragonal elongation can be changed by the application
of a magnetic field.”?

The above magnetic and crystallographic properties
were interpreted®® in terms of the large magnetostriction
effects reported by several authors."?’ This magneto-
striction was linked'” to the I-s coupling of the Fe?™" ions
on octahedral sites and to the Jahn-Teller distortion attri-
buted to Fe>™ ions on tetrahedral sites.

The presence of Fe?' on tetrahedral sites also affects
all other magnetic properties of the titanomagnetite sys-
tem. It is therefore important to know how the occupan-
cy of the octahedral and tetrahedral sites by Fe?* and by
Fe**t varies with x in Fey_,Ti, O, As detailed below,
there is considerable disagreement among the findings re-
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ported by various investigators.!! ~!* These discrepancies
have been linked!*~!7 to the temperature dependence of
the cation distribution as preserved in the quenching pro-
cess. On the other hand, no changes in physical proper-
ties with alterations in thermal history have been detect-
ed by other authors.'®!® In our own work we have intro-
duced a quenching methodology that was found to yield
reproducible results; we therefore attempted to determine
accurately the cation distribution in the Fe;_,Ti,O,
series. This information is needed particularly to analyze
the compositional dependence of magnetic properties.

Only a limited number of measurements of saturation
magnetization have been reported by the above-
mentioned authors on single crystal specimens at or
below liquid nitrogen temperatures. The use of ceramic
specimens presents difficulties in the interpretation of
data, due to the random distribution of crystallographic
axes, and because it is difficult to achieve a uniform dis-
tribution of Ti*" in the samples. In particular, Ti*"
tends to aggregate at grain boundaries in such specimens.

In this paper, systematic studies of magnetic properties
of Fe;_,Ti, O, single crystals with 0=x <1 are reported
for the temperature range 4.2-300 K.

EXPERIMENT

Single crystals were grown in a CO-CO, atmosphere in
a skull melter by techniques detailed elsewhere.?’ Using
this procedure it was possible to maintain a given charge
above its melting point for several hours. Convective
stirring optimized the uniform distribution of Ti** in the
host material. The titanium distribution and actual com-
position were checked for each crystal before annealing,
using a microprobe electron analyzer, and by energy
dispersive analysis of x rays. In the center of the frozen
boule from which crystals were removed the actual com-
position was close to the nominal one. Single crystals,
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approximately 4 X4 X 8 mm?, were then reannealed under
the appropriate CO-CO, gas mixture?! using an oxygen
transfer cell?? to monitor the oxygen fugacity. Annealing
conditions were selected so as to attain the ideal,
stoichiometric 4:3 oxygen-to-cation ration for each speci-
men.?>?* The uncertainty in the oxygen stoichiometry
was estimated to be 4+0.0001. Anneals were carried out
in the temperature range 1200°-1400 °C (depending on
Ti** concentration) for 48 h; the material was then rapid-
ly quenched and trimmed to obtain specimens of uniform
oxygen and titanium composition. Each sample was sub-
sequently ground into a small sphere of 1.5-2-mm diame-
ter. Since the sample volume was only a very small frac-
tion (2 to 4%) of the original crystal, each sphere was cut
open after completion of the measurements and the Ti
composition was checked using the microprobe analyzer.
Within the instrumental resolution the samples were
found to be homogeneous. The accuracy of the x deter-
mination was therefore limited by the quality of the stan-
dard (ilmenite, FeTiO3) used in analysis. The error in x
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FIG. 1. (a) Magnetization curves of Fe, ¢,Tig 360, for {111),
(110), and {001) axes at room temperature. (b) Magnetization
curves of Fe, 4sTig 55O, along the {110) direction in the temper-
ature range 4.2-111 K.

was estimated to be smaller than Ax =10.001.

Magnetization measurements were carried out with a
vibrating sample magnetometer in the temperature range
4.2-300 K and in magnetic fields up to 15 kOe. Magneti-
zation curves and hysteresis loops were measured along
the principal crystal directions. Here and below we
present only a limited portion of the magnetic measure-
ments which is representative of a much larger data col-
lection. Additional curves will be presented in future
publications; the complete set is also available upon re-
quest from the authors.

RESULTS

Representative magnetization curves at room tempera-
ture are shown in Fig. 1(a) for a sample with x=0.36.
The temperature variation of the magnetization along the
(110) direction for a sample with x=0.55, is presented
in Fig. 1(b), as representative of Ti-rich samples; one
should note the axis switching at low temperatures.

Samples with x> 0.5 exhibit marked hysteresis effects
at low temperatures. It was therefore necessary to mea-
sure magnetic moment M (H) curves on demagnetized
samples. Accordingly, samples were warmed above their
Néel temperatures Ty <300 K, cooled in zero field, and
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FIG. 2. (a) Hysteresis loops of Fe, ,,Tiy 15304 along the {(111)
direction in the temperature range 4.2-137 K. (b) Hysteresis
loops of Fe, ,,Tij 7304 along the (111), {(110), and (001) axes
at 4.2 K.
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data were then collected with the applied field oriented
along selected directions. This procedure was repeated
for each composition. Our measurements of the variation
of the T, with x coincides with data reported in the
literature.?

Figures 2(a) and 2(b) show representative hysteresis
loops for the sample with x =0.78 at selected tempera-
tures and for different crystal orientations. Since the
magnetization curves and hysteresis loops along various
directions are quite different we determined the angular
dependence of magnetization M(0) at fixed fields. A
magnetic field was applied along a given direction 6 and
the magnetization was determined; the magnetic field was
then switched off and the remanence was measured. The
sample was subsequently rotated by 10 degrees and the
procedure was repeated.

A remarkable M (0) dependence, explained below, was
found for samples with x=0.78 and x=0.96. The angu-
lar dependence of magnetization in the (110) and (010)
planes at 4.2 K for the specimen with x=0.78 is shown in
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FIG. 3. (a) Angular dependence of the magnetization of
Fe; 5 Tip 7304 in the (110) plane at 4.2 K. (b) Angular depen-
dence of the magnetization of Fe; ,Tig 750, in the (010) plane at
42 K.
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FIG. 4. Temperature dependence of the magnetization of
Fe;_, Ti, O, series, along the {(001) direction in a field H=15
kOe.

Figs. 3(a) and 3(b), respectively.

Finally, the temperature dependence of the magnetiza-
tion in a magnetic field of 15 kOe was measured along
main cubic axes. Results along the [001] direction are
presented in Fig. 4.

ANALYSIS OF THE RESULTS

According to Blasse?® and Wechsler ez al. '® titanium
enters magnetite exclusively as Ti*" into the octahedral
sublattice. However, as mentioned earlier, the distribu-
tion of Fe?* and Fe’" among the tetrahedral and octahe-
dral sites is still uncertain. Three different models have
so far been advanced; these are shown schematically in
Fig. 5. The first is due to Akimoto et al. !! who proposed
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FIG. 5. Variation of saturation magnetization with composi-
tion parameter x for various models of cationic distributions cit-
ed in the literature; see text. Open circles, data of Ref. 14; solid
circles, present data. Dotted lines represent model calculations
of Refs. 11-14; solid line, calculations based on present model.
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that the concentration of Fe’™ and Fe*' ions on both
sites varies linearly with x. The second model is due to
Néel'?2 and Chevallier et al; '3 here, for x <0.5, the
tetrahedral sites are occupied exclusively by Fe3" ions, as
postulated by Verwey and Heilmann,?” whereas Fe?™" also
appears randomly on tetrahedral sites when x> 0.5, i.e.,
when Fe3" can no longer be accommodated on octahe-
dral interstices. The third model, proposed by O’Reilly
and Banerjee,14 is based on their saturation magnetization
measurements at 77 K. For Ti*" compositions up to
x ~0.2 this model coincides with the Néel-Chevallier
model. In the range 0.2 <x <0.8 additional Fe?* ions
enter on tetrahedral sites so that both interstitial sublat-
tices now contain ions of both valencies. For x = 0.8 it is
no longer possible to maintain Fe’" on octahedral sites
and the model then merges with that of Néel and Cheval-
lier.

Our measurements of the saturation moments at 77 K
vs Ti** composition are shown in Fig. 5; with the avail-
able field up to 15 kOe samples with x> 0.5 could not be
saturated at 4.2 K. For specimens with x <0.5 the satu-
ration moments at 77 K did not differ significantly from
those taken at 4.2 K. The saturation problems stem from
the fact that the tetragonal distortion in titanomagnetites
rapidly increases with x for x >0.55.> Our data at 77 K
coincide with the Néel-Chevallier and O’Reilly-Banerjee
models up to x=0.2. However, for larger x our data lie
somewhat higher than those reported by O’Reilly and
Banerjee.!* Their saturation moments on titanium-rich
compositions may be low because they used polycrystal-
line samples: due to the random orientation of crystal-
lites, the applied field coincided with the easy magnetiza-
tion axis in only a portion of their specimens. Saturation
along the hard or intermediate axes is very difficult to
achieve for samples with high x at low temperatures.
Even our own results along the [001] direction may
represent an underestimate of the saturation in specimens
with x=0.78 and x=0.96 because this direction is now
no longer an easy axis of magnetization: in determining
the angular dependence of magnetization up to x=0.55
the axis of each magnetization remains aligned with one
of the principal cubic directions. However, characteristic
cusps in the M (6) curves near the [001] direction for the
sample with x=0.78 [see Figs. 3(a) and 3(b)] suggest that
the easy axis is now tilted away from the [001] direction
by 15 to 25° at 4.2 K. The same deviation was encoun-
tered for the sample with x=0.96, which is consistent
with the observation that the tetragonal distortions for
x=0.78 and x=0.96 do not differ significantly.® Unfor-
tunately, the plane of the deviation was not determined.

The above deviations are in good agreement with data
by Kose et al.® They reported for Fe,TiO, at 77 K a de-
viation.of the easy axis by 10-20° away from the [001]
direction for both squeezed and stress-free specimens. In
the latter they also observed a switching of the tetragonal
axis as the applied magnetic field was rotated from [001]
to [010] in the (100) plane. This phenomenon is not ob-
served in our samples at 4.2 K. This difference in obser-
vation is ascribed to the different temperatures at which
the two sets of data were taken. It should be noted that
marked time lags were encountered by us while monitor-
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FIG. 6. Temperature variation of remanent magnetization of
titanium rich specimens along the {111), (110), and {001)
directions. A:x=0.41, 0: x=0.55, @: x=0.78.

ing magnetization curves and hysteresis loops along all
indicated directions. Below 100 K it required 1-2 min to
obtain a stable reading after the magnetic field was
changed. However, at 4.2 K no changes in readings were
encountered in a 15-min interval. Ishikawa and Syono,’
while studying the field dependence of the lattice distor-
tion, also reported a very slow distortion of the crystals at
77 K. Thus, at 4.2 K this process is likely to be extreme-
ly slow, and the tetragonal elongation is not significantly
altered by applying external field up to 15 kOe.
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The above is also supported by an examination of the
temperature dependence of the remanent magnetization
M, and coercive force H, along the main cubic direc-
tions, as presented in Figs. 6 and 7, respectively. The
titanium-rich compounds exhibit an anomaly in the hys-
teresis parameters in the range 40—-100 K. Below 40 K
all parameters are nearly constant. These results are in
good agreement with data obtained by Schmidbauer and
Readman* for polycrystalline samples.

CONCLUSIONS

We propose, on the basis of saturation-magnetization
measurements, a new distribution of Fe2™ and Fe’* ions
among the tetrahedral and octahedral interstices of the
Fe;_, Ti O, series. The calculations are based on the ob-
servation of the saturation moment and the assumed
values of 4.06 up and 5 up for Fe?' and Fe’?, respective-
ly.

It is postulated that up to the composition limit x=0.2
the tetrahedral sites are occupied exclusively by Fe3t
ions; the conversion of Fe>" into Fe?" ions arising from
Ti*t substitution occurs solely on octahedral sites, in
agreement with the Néel-Chevallier and O’Reilly-
Banerjee models. At higher Ti** concentration Fe’" and
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FIG. 8. Ion distribution for Fe;_,Ti, O, series vs composi-
tion parameter x.

Fe?* ions are postulated to occupy both types of intersti-
tial sublattices; their relative concentrations vary linearly
with x. The two solid straight line segments in Fig. 5
correspond to the following cation distributions:

<1. 34 2+ 34 2+ 4+
for 0.2 <x =1: Fej s 1 25:Fe1 555 —0.25(Fep750.75xF€] 25—0.25x Tix ' )04

The corresponding variations in ionic distributions, de-
picted in Fig. 8, are self-explanatory. The precision of
the Fe?t-Fe’ ™" distribution among interstitial sites is lim-
ited by the accuracy of the magnetic moment measure-
ments. Their uncertainty was estimated to be better than
0.1%, based on calibrations with Ni, Er,0; and
CoHg(SCN), standards. However, for samples with
x >0.55 this error is significantly larger (~1%) because
of the uncertainties in the easy axis orientation.

The variation of ionic distribution with Ti concentra-
tion shown in Fig. 8 serves as important experimental in-
put for the subsequent analysis of various properties of ti-
tanomagnetites Fe;_ Ti O,; e.g., the sharp rise of the
magnetic anisotropy for x > 0.2, which will be discussed
in a subsequent paper.

The angular dependence of magnetization shows that
at 4.2 K the easy magnetization axis deviates from the
[001] direction for specimens with x=0.78 and x=0.96
by about 15-25°. The plane of the deviation was not

[

determined. Studies of low temperature hysteresis loops
show anomalies of hysteresis parameters in the tempera-
ture range 40-100 K for x =20.5. This is in agreement
with the observation that the tetragonal distortion in-
creases sharply in the titanium composition range
x >0.5° and with decreasing temperature. At 4.2 K,
magnetic fields up to 15 kOe failed to switch the tetrago-
nal distortion as well as the easy magnetization.
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