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Magnetic anisotropy of titanomagnetites Fe3 „Ti„O4,0 ~ x ~ 0.55
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Magnetization measurements reported for Fe3 Ti„O& in the composition range 0 ~ x 0.55 were
used to determine the magnetic-anisotropy coefficients as a function of x and of temperature. Magnetic
measurements were performed along the principal crystallographic directions in applied fields up to 15
kOe and in the temperature range 4.2 to 300 K on single-crystalline specimens that had been annealed so
as to preserve the ideal oxygen stoichiometry. Magnetic-anisotropy parameters were calculated from
magnetization curves and analyzed in terms of estimated magnetoelastic contributions to the magnetic
anisotropy, with use of published magnetostriction and elastic-constant data. The anisotropy constant
E& passes through a minimum at x =0.2, irrespective of temperature, at a composition where Fe + first
begins to appear in tetrahedral interstitial sites; X& grows rapidly with increasing x for x & 0.2. The re-
sults show that the magnetoelastic contribution to the magnetic anisotropy dominates at high x and orig-
inates from the presence of Fe Jahn-Teller ions on the tetrahedral sublattice. . Within the large theoret-
ical uncertainties, the variation of K& with temperature could be adequately reproduced by the theory.

INTRODUCTION

The magnetic and crystallographic properties of the ti-
tanomagnetite (TM) series Fe3 Ti 04 change
significantly over the compositional range 0 ~ x ~ 1.
Despite the fact that these variations are of interest to
both the commercial sector and the physics, chemistry,
and geoscience communities, very little work has been
published in this area. Large magnetostriction and mag-
netic anisotropy effects were reported by Syono and Ishi-
kawa' for samples with x & 0.5 at low temperatures. The
remanent magnetization and coercive force in polycrys-
talline specimens were reported by Banerjee e1 al. to rise
rapidly with increasing x( )0.5) at 77 K. These findings
were later confirmed by Schmidbauer and Readman and
in measurements on single crystals by Kykol et al.
There also have been some earlier investigations of the
elastic and magnetic properties of ulvospinel (US):
technically, this material is assigned the formula Fe2Ti04,
but compositions Fe3 „Ti„04with x & 0.96 are unstable.
In the above reports Ishikawa, Syono, and their co-
workers demonstrated that the physical properties of US
differ greatly from those of Fe304 and other ferrites: (i)
US exhibits a large tetragonal distortion, which at 77 K
attains a value of (c —a)/a=7. 5 X 10,a and c being the
lattice parameters; this distortion is magnetostrictive in
origin because it is encountered only below the Curie
temperature Tc and because the direction of elongation
can be switched by application of an external magnetic
field. (ii) The elastic constants (C»-C&2) are roughly one
order of magnitude smaller in US, as compared to Fe304,

over the temperature range 77-300 K. This reduction is
attributed to the Jahn-Teller (JT) effect arising from the
presence of the Fe ions on the tetrahedral interstices of
the US, denoted hereafter as (Fe +

),—in contrast to
(Fe +), for octahedrally coordinated ferrous ions. The
difference C»-C&2 diminishes with temperature for T
well above T„suggesting ' that lattice softening arises
from Jahn-Teller distortions. The above anomalies in US
were explained by Kataoka» in terms of a model which
considers the interference between the JT effect correlat-
ed to with (Fe +), ions and the spin-lattice coupling
effects which involve the (Fe + ), species.

In light of the above developments it seemed of interest
to study the magnetic properties of the TM series in the
composition range intermediate between Fe304 and US.
In particular, one can expect considerable changes in
properties that depend on the [Fe +]/[Fe +j ratio, which
varies dramatically with x for cations located both on t
and on o sites. Several types of Fe +-Fe + cation distri-
butions have been proposed. ' ' As is well estab-
lished, ' Ti + is located exclusively on o interstices, with
concomitant alterations in the Fe + and Fe + concentra-
tion on both types of sublattices. In Fig. l we show the
most recently proposed cation distribution, based on sat-
uration magnetization measurements carried out on sin-
gle crystals.

In this paper we report on the magnetic anisotropy of
the TM series Fe3 Ti 04 over a wide range of x and T,
and we interpret the findings in terms of the observed
large magnetostriction. A preliminary report on this sub-
ject has been published. '
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FIG. 1. Ion distribution in the Fe3 Ti„04 series vs composi-
tional parameter x.

These fundamental data, which are of intrinsic interest,
form the basis of the subsequent theoretical analysis.

The magnetic anisotropy effects are conventionally an-

alyzed in terms of the expression

EXPERIMENTAL

Single crystals of Fe3 Ti 04 (O&x&O.95) were
grown by a cold crucible skull-melting technique that has
been described elsewhere in detail. ' The advantage of
this method is that no impurities are introduced during
crystal growth. In postannealing procedures' the ideal
oxygen to metal ratio of 4:3 was established for each crys-
tal by heating for 36—48 h in appropriate CO and CO2 at-
mospheres at 1400 'C. ' ' The uncertainty in oxygen
stoichiometry is estimated to be +0.0001. The samples
were rapidly quenched and ground into spheres of 1 —2
mm diameter. Their uniformity in composition was
checked using a microprobe electron analyzer. The un-
certainty in x is estimated to be +0.001. Laue back
reAection x-ray photography was used to orient the crys-
tals.

Magnetic measurements along the principal crystallo-
graphic directions were performed on a vibrating sample
magnetometer in applied fields up to 15 kOe and in the
temperature range 4.2 —300 K. The instrument was cali-
brated against several magnetic standards: Ni, Er203,
and HgCo(SCN)z.

DATA AND CALCULATIONS

In Figs. 2 and 3 we display magnetization curves in ap-
plied magnetic fields H, and their dependence on temper-
ature, composition, and crystallographic direction.
These measurements are representative of a broader
study; see Ref. 22 for additional data. The temperature
dependence of the saturation magnetization M, for the
Fe3 Ti„04 series with x 0.55 is displayed in Fig. 4.

for the anisotropy energy E~ of cubic crystals. Here K,
and I}},"z are the anisotropy coe%cients and a, are the
direction cosines of the magnetization vector with respect
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FIG. 4. Temperature dependence of the saturation magneti-
zation for the Fe3 Ti 04 series.

to the cubic axes of the crystal.
We determined the anisotropy coeKcients by calculat-

ing the energy required to saturate the specimen magneti-
cally along different directions. The magnetization ener-

gy density is found from the relation
M,W= f H, dM, (2)

0

which can be calculated from the area between the ordi-

where the 8' subscripts designate the directions along
which the magnetization measurements are executed.

The above methodology fails when hysteresis effects in-
terfere with the measurements. These effects became
prominent at low temperatures for x)0.55. Thus, E,
and E2, as determined above, are subject to considerable
experimental error. Therefore, a more elaborate pro-
cedure is required, in which the anisotropy parameters
determined by (3) and (4) serve as inputs. The method in-
volves the direct calculation of M(H, ) through a self-
consistent numerical procedure in applied fields greater
than those needed to eliminate domain wall motion. The
rotation of the domain magnetization against the magnet-
ic anisotropy forces then becomes the dominant mecha-
nism of the magnetization process.

The total energy change E accompanying the magneti-
zation is now given by

E =E~ —M, H,~, H,~=H, —Hd,

where H,z is the effective magnetic field and Hd is the
demagnetization field Hd =%M, with X representing the
demagnetization factor, calculated from the initial slope
of the M versus H curve (see Fig. 3).

Let O and P represent, respectively, the angle between
M and the [001] axis direction, and between the projec-
tion of M, onto the (001) plane and the [100] axis. Then,
according to Eqs. (1) and (5) we find

E=E,si On(sin Ocos /sin P+cos O)+%2(sin Ocos Osin icos P)

M, H, (P„si—nO cosP+P~sinO sinP+P, cosO)+NM, (6)

where p are the direction cosines of the applied field. On
introducing the equilibrium constraints

BE!BO=O and BE/BQ=O

one obtains two equations that can be solved for O and P
once M„H„X,and initial trial values for E, and E2 are
inserted. From O and P the orientation of the magnetiza-
tion vector is established; M can now be calculated for a
series of H values so that the resultant curve can be
compared with experiment in the range where domain
wall motion no longer occurs. A new trial set of K& and
E2 is then introduced and the procedure is continued un-
til the best fit to the experimental data is obtained.

The general procedure outlined above can be consider-
ably simplified if H, is directed along the high symmetry
axes of the crystal. For example, if the magnetization for
a specimen with positive K, (easy axis parallel to (001))

is generated by a magnetic field applied along a [110]
direction then the domains remaining after the wall dis-
placement is completed are reduced to [100] and [010]
domains. The subsequent magnetization involves the ro-
tation of domain magnetization in the (001) plane. Con-
dition (7) as applied to (6) now leads to the simple result

M
'

M'
M. M.

H, M,

ZEST

which permits E, to be readily found.
An illustration of the above procedure is furnished in

Fig. 5 where we compare the calculated M(H, ) curve to
the experimental measurements on Fe2 45Tip 5g04 at
several temperatures. The agreement is seen to be satis-
factory.
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' I peratures the anisotropy constant EI passes through a

minimum (the maximum anisotropy field along the
(100) direction) for a Ti concentration of x=0.2. This
coincides with the point beyond which Fe + is first
forced onto tetrahedral sites with rising concentrations of
Ti; see Fig. 1. After an initial drop to the minimum
value, ICi rises with an increasing (Fe +), content. (ii)
Also, beyond x=0.2 the variation of K, with tempera-
ture is much more marked than for samples with low Ti
content. Furthermore, this trend results in a change of
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RESULTS

The K, anisotropy coefficients as calculated by the
above procedures are entered in Fig. 6 to show their
dependence on sample composition x at a selected set of
temperatures. The temperature dependence of K, for
selected titanomagnetites is displayed in Figs. 7(a) and
7(b). The insets show comparable variations in Kz.

The following features are noteworthy. (i) At all tem-
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FIG. 7. (a) Temperature dependence of K& and K2 anisotro-

py parameters for Fe3 „Ti 04 series; U x=0, ~ x=0.05, ~
x=0.19, 0 x=0.28. (b) Temperature dependence of K& and E2
anisotropy parameters for Fe3 Ti 04 series, x=0.36, o
x=0.41. ~ x=0.55.
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to the observed magnetization curve. In addition, there
are not enough available data in the literature to provide
an unambiguous interpretation of the experimental data.
We therefore resorted to an interpolation procedure to
estimate the magnetoelastic contribution to the magnetic
anisotropy, based on published saturation magnetostric-
tion and on elastic constant data.

The subsequent analysis is based on a consideration of
several contributions to the total free energy of a system.
In ferrites the exchange interactions do not lower the cu-
bic symmetry of the crystal. The elastic stress contrib-
utes to the total free energy a term

s I i I a I ~ I s I

6 8 1Q 12 14

FIG. 8. Magnetization curves of Fez 4,Tip 5g04 along (110)
direction. Axis switching effects are indicated by broken lines.

sign of Xl, and leads to positive values of K l at 78 K that
are one order of magnitude larger in Fez 45Tio 5504 than
in Fe304. These trends are in agreement with those re-
ported by Syono and Ishikawa for their samples with
x (0.2; on the other hand, the present effects are smaller
than those reported by the same authors' at low tempera-
tures for a specimen with x=0.56. Comparisons between
their results and ours are difficult because of the strong
K, (x) dependence for x )0.5 and because of the
differences in experimental measurement techniques.

The errors in K, and Kz are estimated to be in the
range of +5% and +20%, respectively, except at 78 K,
where the fit to experimental data was confined to a
smaller part of the magnetization curves measured along
the medium and hard directions; the available fields of 15
kOe were insufficient to achieve saturation along those
directions. This problem was aggravated at lower tem-
peratures and higher Ti concentration, where additional
problems of magnetic hysteresis and time-dependent
effects complicated the analysis. The time-lag phenome-
na are interpreted as arising from the slow switching of
the lattice distortion at low temperatures when the mag-
netic field is applied, as is discussed elsewhere in further
detail. The axis switching effects encountered here are
illustrated in Fig. 8 for the sample with x=0.55. The
crystal had first been saturated along the [001] direction;
measurements were subsequently taken along [110]. The
switching phenomena are clearly in evidence. The above
effects strongly suggest that there is a significant magne-
toelastic contribution to the magnetic anisotropy of sam-
ples with high Ti content.

DISCUSSION

When several different types of anisotropy effects com-
bine to produce the magnetic properties of a material it is
very difficult to disentangle the individual contributions

where C», C,z, and C44 are elastic constants and
e,"(i,j =x,y, z) are the strain components. There is a fur-
ther contribution to the total free energy that arises from
magnetostrictive stresses, which is the so-called magne-
toelastic coupling energy. For cubic crystals this is de-
scribed by

F,= B& [e (a& —
—,
' )+e~~(az —

—,
' )+e„(a3 3 )]

+Bz [e~~a &a&+ e~,aza3+ e,„a3a,]+ (10)

B2
l

me

Bz
2

2C44
(12)

in which K, represents the magnetoelastic contribution
tO Kl.

It has been shown that the magnetostrictive con-
stants A, &oo and A, »& in a cubic system may be specified by

Bl
100 3 C C

(13a)

1 B~
ill 3 C44

(13b)

The above k values were measured experimentally by
Syono and Ishikawa' for a titanomagnite specimen with
x=0.56, which is close to the maximum Ti concentration
of x=0.55 in the present set of studies. To obtain K, it
is unfortunately necessary to determine the elastic con-
stants separately. The only available literature data per-
tain to magnetite and to US. As stated in the introduc-
tion, the Jahn-Teller effect increases with an increasing
(Fe ), content, and thus comes into prominence near
the US composition limit. The attenuation of the elastic
constants with increasing Ti content in titanomagnetites
was therefore estimated in two ways.

where B
&

and Bz are the magnetoelastic constants.
The equilibrium values e of e; are found through

minimization of F=F„+F,with respect to the various
e,". In solving the resulting expressions for e,'. in terms of
the o;, B, and C parameters one finds

F=K,(a,a&+ aza3+ a3a ~ ) B~ /[3( C~ ~

——C,z )], (11)

with
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TM series. The K, versus T dependence obtained by
use of this interpolation scheme for x=0.55 is shown as a
broken curve in Fig. 9. The experimental data are en-
tered as points.

One should not attach too great a significance to the
difference between theory and experiment and to the
differences between the two calculated curves. The inter-
polation procedure is obviously very crude and many fac-
tors such as the anisotropy energy associated (Fe + ),
were not considered in the present analysis. The princi-
pal point is that the calculated K, for the TM sample
x=0.55, using either of the above procedures, yields
values reasonably close to experiment and that the trend
with temperature is correctly reproduced. A more
definitive interpretation of the experimental data must
await the analysis and publication of actual measure-
ments on the elastic constants on TM specimens with in-
termediate x values.

CONCLUSIONS
FIG. 9. Temperature dependence of magnetoelastic anisotro-

py parameter K, . Filled circles: experimental data of K& vs T.
Solid and broken curves: calculations of K, using models de-
scribed in text.

Gyorgy et al. postulated that the elastic constants due
to isolated Jahn- Teller ions at fixed temperature are
directly proportional to their concentrations. They based
this supposition on measurements of acoustic losses in yt-
trium iron garnet, which served as indicators of relaxa-
tion processes along three equivalent direction of the
Jahn-Teller distortion. If this model is adopted the elas-
tic constants are directly proportional to the (Fe +

), con-
centration; hence, these constants are expected to vary as
(1.25x —0.25) for x )0.20. The elastic constants for
x=0.55, as obtained through the above linear interpola-
tion between Fe304 and US, were then introduced into
Eqs. (12) and (13) to obtain IC, as a function of tempera-
ture. The calculations are entered in Fig. 9 as the solid
curve.

As an alternative we also considered the more sophisti-
cated theory of Kataoka. " He successfully rationalized
the small elastic constants encountered in US on the basis
of an interference between the Jahn-Teller effect arising
from the presence of Fe + on t sites and the spin-lattice
interaction of the cations located on o sites. While the
mathematical features of the analysis are complex one
can show that the key parameter in the analysis is the
variable labeled y& which, in first approximation, is given
by the ratio m, /g, . Here m, is the coupling constant of
the (Fe +), ions to the lattice and g, is the Jahn-Teller
coupling constant of the (Fe + ), ions. From the theory it
emerges that m, -QN, and g, -QN„where N, and N,
are the densities of Fe + cations on the two sites. Thus,
in rough approximation, the elastic constants of the
TM series should vary as QN, /N,
=&(1.25 —0.25x )/(1. 25x —0.25), with x )0.20, if the
same interference phenomenon applies to members in the

The following conclusions may be drawn.
1. The anisotropy constant E

&
passes through a

minimum at x=0.2 for the series Fe3 „Ti„04,which is
independent of temperature. This minimum coincides
with the critical composition at which Fe + first makes
its appearance in the tetrahedral interstices, as shown in
Fig. 1. Unfortunately, it was not possible to determine
K& for the composition range x )0.6 because of interfer-
ence by hysteretic phenomena, especially at low tempera-
tures.

2. In the composition range x )0.2 at low ternpera-
tures, KI and the anisotropy, as well as the magnetostric-
tion, become very large with further increases in x.
These findings render it likely that the above changes all
have their origin in the presence of Fe + on tetrahedral
sites and that they are associated with the concomitant
Jahn- Teller effect.

3. The magnetoelastic contribution to the anisotropy
energy was estimated as discussed earlier. We found that
this contribution dominated the total magnetic anisotro-
py, independent of the model that was chosen to analyze
this effect. Both the isolated ion model or the interfer-
ence effect between the Jahn-Teller distortion and the oc-
tahedral spin-lattice coupling were considered. Within
the rather sizable theoretical uncertainties the experimen-
tal variation of K& with temperature was satisfactorily
reproduced.
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