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We report the structural characterization and magnetic
behaviour of the spinels with general formula
Li0.5+0.5xFe2.5−1.5xTixO4, where x = 1.28 and 1.50. When the
samples are cooled slowly, a 1:3 crystallographic order oc-
curs, whereas a random disorder is observed when the
samples are quenched. Neutron-powder-diffraction meas-
urements were performed on the materials to characterize

Introduction

Lithium iron spinels, usually known as lithium ferrites,
have been thoroughly studied materials because they are re-
markably useful in many branches of technology.[1] The lith-
ium ferrite Li0.5Fe2.5O4 is known to occur in two crystalline
forms.[2] Below 1008 K, there exists a 1:3 ordering of Li�

and Fe3� ions along the [110] directions of the unit cell,
giving rise to the structural formula (Fe)T(Li0.5Fe1.5)OO4, in
such a way that each lithium ion is followed by three iron
cations that are all in octahedral coordination with oxygen
ions. The remaining iron ions are located on the tetrahedral
sites (space group P4332).[3] Above 1000�1030 K, the 1:3
ordering is destroyed and the two types of cations are ran-
domly distributed over the octahedral sites; the resulting
phase is referred to as the disordered phase (space group
Fd3m). By quenching rapidly from a high temperature, this
latter phase can be retained indefinitely at room tempera-
ture or below.[4] The disordered Li0.5Fe2.5O4 has an inverse
spinel structure, with Fe3� ions at tetrahedral 8a positions
and Li� and Fe3� ions distributed randomly over the 16d
octahedral sites. The order�disorder transition in the lith-
ium ferrite structure has been recorded by X-ray powder
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the structural transitions. Magnetic properties were studied
by magnetic susceptibility (dc and ac), magnetisation and
neutron-diffraction data and the results can be interpreted
on the basis of a spin-glass behaviour.

( Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2003)

diffraction, and the relationship between the Wyckoff’s po-
sitions of the Fd3m and P4332 states are as follows[5]:

Fd3m � P4332

8a (8 Fe3�) � 8c (8 Fe3�)

16d (12 Fe3� � 4 Li�) � 12d (12 Fe3�) � 4b (4Li�)

32e (32 O2�) � 24e (24 O2�) � 8c (8 O2�)

The magnetic properties of a spinel ferrite depend on
their structural features, both of which are quite sensitive
to the preparation conditions as well as to the amount and
type of substitution. The most synthetically advantageous
characteristic of spinel materials is that various ions can be
placed at tetrahedral and octahedral sites within the struc-
ture, a situation that allows for control of their magnetic
properties. In addition to ferromagnetism and antiferro-
magnetism (ferrimagnetism), another unique spin state �
the so-called spin-glass (SG) state � can be assigned to spi-
nel ferrites. The substitution of iron atoms by tetravalent
titanium influences the above properties. Solid solutions of
general formula Li0.5�0.5xFe2.5�1.5xTixO4 (0 � x � 1.67)
crystallise in the space groups P4332 (in the ranges 0 � x
� 0.4 and 1.2 � x � 1.57) and Fd3m (in the ranges 0.4 �
x � 1.2 and 1.57 � x � 1.67).[5,6] Several authors[6�9] have
reported detailed studies using X-ray diffraction and
Mössbauer spectroscopy for the structural resolution of this
system in the range 1.1 � x � 1.67, in agreement with the
cation distribution proposed by Blasse[5] and White[10]. On
the other hand, Dormann’s group has proposed that this
system shows local canted spin behaviour (LCS).[11�14]

With increasing dilution of Fe atoms, the distribution of
the canting angles enlarges and the average canting angle
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increases at each site. As a consequence, the average magni-
tude of the transverse component St increases. Moreover,
St becomes more widely distributed. A discrepancy exists,
however, between the results of the Mössbauer spectra and
the magnetic studies. An explanation can be found by con-
sidering the Rosencwaig canting model.[7] Scharner et al.[6]

proposed order�disorder transitions for x � 1.2 and 1.57,
but they did not suggest the possibility of canting in both
positions.

The aim of the present work is to establish by means of
neutron diffraction studies the behaviour of the phases,
where x � 1.28 and 1.50, that are obtained by slowly cool-
ing (SC) and rapid quenching (Q). The Rietveld refinement
was used to solve the problem of the cation ordering in
these phases, and additional magnetic measurements (ac
and dc magnetic susceptibility and magnetisation curves)
were performed to study the simultaneous substitution with
nonmagnetic atoms in this series Li0.5�0.5xFe2.5�1.5xTixO4.

Results and Discussion

Structural Features

Structural characterization at room temperature of the
lithium ferrites with compositions x � 1.28 and 1.50
formed by slow cooling (SC) was carried out by neutron
diffraction. The reflections were characteristic of a spinel
structure in which some additional superstructural lines ap-
pear, and all these reflections were indexed satisfactorily on
the basis of a cubic unit cell (Figure 1). Therefore, the SC
samples exhibited cation ordering on the octahedral sites,
resulting in a superstructure that could be refined in the
P4332 space group. We found, however, that a slight im-
provement in the fit was achieved by using a multiphase
refinement using both the ordered (P4332) and disordered
(Fd3m) structures.[15,16] Rietveld analysis indicated that
these samples are comprised of 94.9% superstructure (or
ordered structure) and 5.1% disordered structure (for x �
1.28), and 82.3% superstructural component and 17.7% dis-
ordered component (for x � 1.50). Crystallographic data
for both compounds obtained by Rietveld refinements are
reported in Table 1 and the R-factors indicate a reliable
structural model. The atomic coordinates are given in
Table 2 and the most representative bond lengths are given
in Table 3. These results suggest that the ordered structures
have not been isolated as single phases under the present
experimental conditions, although they are clearly in the
majority, and this fact will certainly influence the magnetic
behaviour of the materials.

At higher temperatures (1073 K for x � 1.28 and 973 K
for x � 1.50), all the Bragg reflections were indexed on the
basis of a cubic symmetry and the patterns were refined
in the space group Fd3m. A good agreement between the
calculated and observed patterns is shown in Figure 1.
Therefore, the SC samples must undergo an order�disorder
phase transition from the space group P4332 to the space
group Fd3m. Moreover, the neutron-diffraction pattern at
1073 K for x � 1.50 revealed the presence of an impurity,
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Figure 1. Observed, calculated and difference ND patterns of the
slowly cooled (SC) samples at room temperature [peak positions of
space group P4332 (upper vertical marks) and Fd3m (lower vertical
marks) are indicated just below the patterns], and at different tem-
peratures (space group Fd3m)

α-Fe2O3, whose amount increases with temperature, which
suggests a decomposition process occurs for this spinel (pat-
tern not shown). The most characteristic parameters ob-
tained after the refinement are listed in Table 4 and a selec-
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Table 1. Lattice parameters, a, and R-factors for
Li0.5�0.5xFe2.5�1.5xTixO4 (slow cooling) obtained by neutron refine-
ment at room temperature

x � 1.28 (ordered) x � 1.50 (ordered)

a [Å] 8.3725(4) 8.3701(9) 8.3549(2) 8.3689(8)
Space group P4332 Fd3m P4332 Fd3m
Z 8 8
RB [%] 5.78 7.64 4.49 8.56
RP [%] 6.96 6.68
RWP [%] 9.47 8.74
% 94.9 5.1 82.3 17.7

Table 2. Structural parameters obtained from the Rietveld
refinement of neutron powder-diffraction patterns of
Li0.5�0.5xFe2.5�1.5xTixO4 (slow cooling) at room temperature (N �
occupation)

tion of the most important interatomic distances are in-
cluded in Table 5. On the other hand, for the samples ob-
tained by quenching (Q), all the reflections can be indexed
using the extinction laws of the space group Fd3m.[17,18] The
resulting fits are shown in Figure 2 at 2 K (Figure 2, a) and
300 K (Figure 2, b). A summary of the structural param-
eters obtained in these refinements is given in Table 6 and 7.
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Table 3. Selected bond lengths [Å] for Li0.5�0.5xFe2.5�1.5xTixO4

obtained by SC.

x � 1.28
P4332 (ordered) Fd3m(at random)

d M(8c)�O1 1.944(9) d M(8a)�O 1.930(7)(x4)
d M(8c)�O2 1.980(1)(� 3) mean Shannon 1.931(1)
average d M(8c)�O 1.971(2) d M(16d)�O 2.024(1)(� 6)
mean Shannon 1.938(1) mean Shannon 2.050(2)
d M(4b)�O2 2.034(7)(� 6)
mean Shannon 2.150(8)
d M(12d)�O1 1.956(4)(� 2)
d M(12d)�O2 2.049(3)(� 2)

2.067(7)(� 2)
average d M(12d)�O 2.024(5)
mean Shannon 2.316(3)

x � 1.50
P4332 (ordered) Fd3m (at random)

d M(8c)�O1 1.946(9) d M(8a)�O 2.271(7)(� 4)
d M(8c)�O2 1.972(2)(� 3) mean Shannon 1.949(2)
average d M(8c)�O 1.965(8) d M(16d)�O 1.864(6)(� 6)
mean Shannon 1.947(2) mean Shannon 2.041(4)
d M(4b)�O2 2.068(5)(� 6)
mean Shannon 2.155(4)
d M(12d)�O1 2.089(1)(� 2)
d M(12d)�O2 1.874(2)(� 2)

1.996(9)(� 2)
average d M(12d)�O 1.986(7)
mean Shannon 2.307(5)

Table 4. Crystallographic data and structural parameters obtained
from the Rietveld refinement of neutron powder-diffraction pattern
of Li1.14Fe0.58Ti1.28O4 (SC) at 1073 K and Li1.25Fe0.25Ti1.5O4 (SC)
at 973 K.

x � 1.28 x � 1.50

a (Å) 8.4508(3) 8.4521(3)
Space group Fd3m Fd3m
Z 8 8
RB (%) 4.81 4.68
RP (%) 5.75 8.03
RWP (%) 7.41 12.0
8a
x � y � z 1/8 1/8
N[a] (Li/Fe) 0.67/0.33 0.86/0.14
16d
x � y � z 1/2 1/2
N[a] (Li/Fe/Ti) 0.47/0.25 /1.28 0.39/0.11/1.50
32e
x � y � z 0.2614(5) 0.2626(5)
N[a] (O) 1/6 1/6

[a] N � occupation.

The structure of SC samples were first reported by
Blasse,[5] who described them as cation-ordered for x � 1.20
and x � 1.50. The 1:3 order on the octahedral sublattice is
given by the lithium (4b) and titanium ions (12d), although
the titanium sublattice contains some iron ions. Neverthe-
less, the Rietveld refinement of the neutron-diffraction data
for our samples (Li0.5xFe1�0.5x)T(Li0.5Fe1.5�xTix)OO4 ob-
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Table 5. Bond lengths [Å] for the samples Li1.14Fe0.58Ti1.28O4 (SC)
at 1073 K and Li1.25Fe0.25Ti1.5O4 (SC) at 973 K.

d (M�O) x � 1.28 x � 1.50

M(8a)�O 2.002(3) (� 4) 2.015(3) (� 4)
mean Shannon 1.937(2) 1.956(1)
M(16d)�O 2.025(2) (� 6) 2.011(9) (� 6)
mean Shannon 2.046(4) 2.037(4)

Figure 2. Neutron powder-diffraction pattern of the quenched (Q)
compound with x � 1.28 at 2 K (a) and 300 K (b). Solid lines are
the calculated profiles and dots are the experimental points. The
difference profile is also shown. c) A comparison of the low-angle
neutron diffraction patterns is shown at 2 and 300 K

tained by SC show that the cation distribution is slightly
different from that suggested by Blasse in that the octa-
hedral (4b) sites are occupied by Li�/Fe3� cations and the
12d sites are occupied by Fe3�/Ti4� cations. These samples
show a cation-ordered superstructure with a minority dis-
ordered phase that also has been obtained for
Li0.5Fe2.5�xCrxO4.[16] The ordered form is close to an in-
verse spinel (space group P4332) in which the 12d sites are
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Table 6. Lattice parameter, a, R-factors and structural parameters
for quenched (Q) Li1.14Fe0.58Ti1.28O4 at 2 K and at room tempera-
ture.

T � 2 K T � 300 K

a (Å) 8.3437(9) 8.3564(3)
Space group Fd3m Fd3m
Z 8 8
RB (%) 3.43 3.34
RP (%) 6.58 5.40
RWP (%) 8.46 7.18
8a
x � y � z 1/8 1/8
N[a] (Li/Fe) 0.65/0.35 0.66/0.34
16d
x � y � z 1/2 1/2
N[a] (Li/Fe/Ti) 0.49/0.23 /1.28 0.48/0.24/1.28
32e
x � y � z 0.2602(4) 0.2603(3)
N[a] (O) 1/6 1/6

[a] N � occupation.

Table 7. Bond lengths [Å] for Li1.14Fe0.58Ti1.28O4 Q at 2 K and at
room temperature.

d (M�O) T � 2 K T � 300 K

M(8a)�O 1.955(1) (� 4) 1.958(7) (� 4)
mean Shannon 1.934(5) 1.936(2)
M(16d)�O 2.003(1) (� 6) 2.006(5) (� 6)
mean Shannon 2.047(5) 2.047(1)

occupied by iron and titanium ions giving rise to different
M�O distances (Table 3, Table 5 and Table 7), whereas the
Li�/Fe3� ions occupy the centre of regular octahedral 4b
sites. The disordered form is an inverse spinel (space group
Fd3m) in which the Li�/Fe3�/Ti4� atoms are distributed
randomly over the regular octahedral sites, and the tetra-
hedral ones are occupied by Li�/Fe3� ions. Figure 3 illus-
trates these features in a fragment of the ordered (Figure 3,
a) and disordered (Figure 3, b) structures. Finally, the val-
ues obtained in the refinement of the unit cell parameters
for all samples reflect the abovementioned changes in the
cationic site distribution resulting from an intracrystalline
order�disorder process.[6]

Magnetic Behaviour

Figure 4 shows the dependence of the dc magnetic sus-
ceptibility of the title samples with temperature χ(T) in the
range between 2 and 300 K measured at a field of 0.5 kOe.
The χ(T) variation for the composition x � 1.28 (SC and
Q) shows broad maxima at about 20 K and 17 K, respec-
tively. The dc magnetic susceptibility decreases with tem-
perature for the sample x � 1.50 (SC and Q). We observed
that the magnetic susceptibility is remarkably smaller for
the disordered samples than for the ordered ones, and this
fact is consistent with a decrease of ordering. No
Curie�Weiss behaviour was observed over the whole tem-
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Figure 3. The structure of the Li0.5�0.5xFe2.5�1.5xTixO4 spinels: a)
ordered form (space group P4332); b) disordered form (space
group Fd3m)

perature range measured from the dc reciprocal suscepti-
bility. The absence of a linear behaviour towards high tem-
perature suggests that a ferrimagnetic transition is expected
for a Curie temperature TC � 300 K and, for example, these
results are depicted in Figure 4 (part e) for the Q sample
with x � 1.28 at H � 1.5 kOe.

Magnetisation measurements were performed in the tem-
perature range 5 � T � 375 K and some results are shown
in Figure 5. We see that the magnetization increases with
increasing applied field for each composition. In the present
range of the magnetizing field, the magnetization does not
show a saturation and it decreases slightly with increasing
titanium content, in agreement with Néel’s theorem of ferri-
magnetism.[19] The individual magnetization in the A (tetra-
hedral) and B (octahedral) sites, MA and MB, of the two
sublattices cannot be observed, but the net magnetization
has been measured instead. Because the two magnetizations
are oppositely directed, then M � MA � MB. The variation
of magnetic moment with titanium content can be ex-
plained by assuming that, as the concentration of titanium
ion increases, the relative number of Fe3� ions decreases on
both the A and B sites, but more on the B sites than on the
A sites. This distribution is expected to disminish the A�B
interactions, which in spinels, according to Néel’s molecular
field model, are stronger than A�A or B�B ones.
Obviously, Ti4� does not participate in any exchange
interactions, but disminishes those resulting from the
Fe3�

A �O�Fe3�
B unit and the net effect is a decrease in the

overall magnetization. Considering the spin-only moment

Eur. J. Inorg. Chem. 2003, 2397�2405 www.eurjic.org  2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 2401

for Fe3� of 5 µB, the saturation moments have been esti-
mated as being 0.3 µB and 1.05 µB for x � 1.28 and x �
1.50, respectively, but the values obtained at the highest fi-
elds (see Figure 5) are smaller than those expected from a
collinear model. On the other hand, when the temperature
is lowered, the magnetization curves below TC show a clear
ferromagnetic component with increasing importance. Such
behaviour is evidence for a disordered spin-state (SG-like
state) induced by disorder and frustration because of com-
peting ferro- and antiferromagnetic exchange interactions.

As an example of the general behaviour, Figure 6 shows,
for x � 1.28 (Q), the variation of the ac susceptibility with
temperature ranging between 1.8 and 350 K at a magnetic
field of 0.215 Oe for frequencies changing from 0.1 to
10 kHz. The susceptibility increases with increasing tem-
perature, exhibiting a cusp, and then a marked decay. The
cusp temperature is ca. 14�15 K, which is consistent with
that observed in the dc measurement shown in Figure 4b.
The inset of Figure 6 reflects that the cusp shows frequency
dependence; it shifts to higher temperatures with increasing
frequency and this feature is characteristic of the spin-glass
behaviour stated above.

The spin-glass state occurs because of a combination of
‘‘randomness’’ and ‘‘frustration’’ in spin ordering, caused
by the randomly mixed state of the ferromagnetic (spin-par-
allel) and antiferromagnetic (spin-antiparallel) spin interac-
tions.[20] To obtain the spin-glass state in spinel ferrites, it
is usual to substitute Fe3� ions by nonmagnetic ions, such
as Li� and Ti4�, which results in the dilution of magnetic
interactions (randomness) and the competition of exchange
interactions (frustration). In this sense, Figure 7 shows a
simplified model of the spin-glass phenomenon in a spinel
ferrite AB2O4, in which the nearest neighbours of inter-
acting metal ions bridged via the O2� anion are shown. A
denotes a tetrahedral site cation and B an octahedral one.
In spinel oxides, the magnetic ions interact with each other
through super-exchange antiferromagnetic interactions for
which |JAB| �� |JBB| � |JAA| (J being the average value of
the spin interactions). Thus, JAB renders the undiluted spi-
nel ferrimagnetism, with all A-site moments oriented anti-
parallel to all B-site moments, with BB and AA bonds re-
maining unsatisfied (left-hand side of Figure 7). After di-
lution of Fe3� ions in the B sites by Li� and Ti4� ions
substitution, the magnetic order is broken and the frus-
tration of certain moments occurs for BB and AA bonds
(right-hand side of Figure 7).

To take into account the magnetic contribution to the
Bragg diffraction peaks, the thermal evolution of the NPD
patterns was acquired in the temperature ranges between
2�300 K, for x � 1.28 (SC) and 1.28 (Q), and 2�112 K,
for x � 1.50 (Q), with λ � 2.522 Å and are shown in Fig-
ure 8a, 8b and 8c, respectively. Rietveld refinements in
those temperature ranges were attempted, with and without
a magnetic contribution, but the variation in intensity of
the inner Bragg peaks — namely (111), (220), (311), (222),
etc. — with the decrease in temperature was scarcely appar-
ent, and this fact seems to indicate the absence of any mag-
netic long-range ordering (LRO) in these samples.[21]
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Figure 4. Variation of the dc magnetic susceptibility with temperature for Li0.5�0.5xFe2.5�1.5xTixO4: x � 1.28 (SC and Q) and x � 1.50
(SC and Q). Applied field: 0.5kOe (a�d) and 1.5 kOe (e)

On the other hand, Figure 2 (part c) shows the variation
of the (111) peak at 2 and 300 K for the sample x � 1.28
(Q), in which we see a slight increase in intensity at the
lower temperature that seems to indicate a magnetic contri-
bution. Moreover, it is noticeable that there is a consider-
able broadening of the (111) reflection, which suggests the
presence of magnetic spin clusters.[22] Such a variation was
not observed for our sample x � 1.50, from which the ex-
perimental data indicate a characteristic spin-glass behav-
iour.
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Conclusions

Neutron-diffraction experiments were performed on lith-
ium titanium ferrite Li0.5�0.5xFe2.5�1.5xTixO4 (x � 1.28 and
1.50). The data show that the samples obtained by SC are
ordered spinels of 1:3 type at octahedral sites, where Li�

ions occupy octahedral (4b) and tetrahedral (8c) sites, Fe3�

cations are distributed over the octahedral (4b and 12d) and
tetrahedral (8c) sites, and Ti4� ions are exclusively located
on octahedral (12d) sites. When the samples were quenched,
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Figure 5. Isothermal magnetization vs. magnetic field at different temperatures for the samples obtained by quenching: a) x � 1.28;
b) x � 1.50

Figure 6. Real part of the ac magnetic susceptibility as a function
of temperature from 1.8 to 350 K for x � 1.28 (Q) at ν � 0.1 and
10 kHz, H � 0.215 Oe. Inset: temperature interval 5�25 K

the 1:3 ordering was destroyed and a change of symmetry
occurred from P4332 to Fd3m, so that the tetrahedral sites
become occupied at random by Li�/Fe3� ions and the octa-
hedral sites by Li�/Fe3�/Ti4� ions. Magnetic and neutron-
diffraction measurements carried out on these samples
confirm a spin-glass behaviour that is attributed to dilution
of Fe3� ions in the B sites by the substitution effect of Li�

and Ti4� ions. Therefore, magnetic order is broken and the
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Figure 7. (a) Two octants in the unit cell of the spinel structure
with lattice parameter a. The O2� anions form a cubic close-packed
structure, with A ions occupying the tetrahedral sites (A site), and
B ions occupying the octahedral sites (B site). (b) Model of the
spin-glass phenomenon in spinel ferrite. The nearest neighbours of
the metal ions bridged via the O2� anion in the spinel ferrite are
shown: A (tetrahedral site cation), B (octahedral site cation).
Arrows correspond to the spin of Fe ion
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Figure 8. Thermal evolution of NDP collected at a wavelength λ � 2.522 Å in the following temperature ranges: a) 2�300 K (x � 1.28,
SC), b) 2�300 K (x � 1.28, Q), c) 2�112 K (x � 1.50, Q)

frustration of certain moments occurs for BB and AA inter-
actions.

Experimental Section

Polycrystalline samples of Li0.5�0.5xFe2.5�1.5xTixO4 (where x � 1.28
and 1.50) were prepared by the ‘‘liquid mix’’ technique[23] from
powdered mixtures of Li2CO3, Fe2O3 and TiO2 (all reactants were
supplied by Merck, Germany) in stoichiometric ratios. The samples
were obtained by two methods: slow cooling (SC, at 1073 K for a
day) or rapid quenching (Q) from temperatures above 1073 K for
12 h (x � 1.28) and 973 K for 12 h (x � 1.50) to room temperature.

Neutron powder-diffraction data were obtained at different tem-
peratures for the samples x � 1.28 (ordered and disordered phases)
and x � 1.50 (ordered phase) on the D1A high-resolution powder
diffractometer (λ � 1.9110 Å) at the Institute Laue-Langevin
(Grenoble, France). The multidetector D1B powder diffractometer
with a wavelength of 2.522 Å was used to obtain the thermal pat-
terns in the temperature ranges 2�300 K for x � 1.28 (ordered and
disordered phases) and 2�112 K for x � 1.50 (disordered phase).

 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org Eur. J. Inorg. Chem. 2003, 2397�24052404

Diffraction patterns were analysed by the Rietveld[24] method and
the Fullprof programme.[25]

The magnetic-susceptibility measurements were performed using a
commercial superconducting quantum-interference-device magnet-
ometer, Quantum Design Magnetic Properties Measurement Sys-
tem 5S, on powder samples in a temperature range from 1.8 to
300 K under an applied magnetic field of 0.215 Oe. The magnetic
field isothermal variations up to 60 kOe were obtained with the
aid of a Quantum Design Physical Properties Magnetic System,
which allowed the experimental setting of highly homogeneous
magnetic fields at specific temperatures.
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