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Abstract

FesTiOs shows a spin glass transition at 53 K and is mainly known for its semiconducting nature. A
‘LiAl’ pair is incorporated in Fe2TiOs by high temperature solid-state reaction.

o
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FesTiO5 + xLiATHy —r1— i(r)logtmosphere FeoTi . (LiAl),Os < x

The presence and quantity of “LiAl” is confirmed by Inductively Coupled Argon Plasma (IACP)
technique. The crystalline geometry is determined by X- ray diffraction and Fourier Transform In-
frared (FTIR) spectroscopy of powders. It remains orthorhombic pseudobrookite. Certain reflections
of FexTiOs are observed to enhance progressively with the content of “LiAl”. The magnetic hysteresis
parameters are observed to depend on the content of “LiAl”. Initial susceptibility and permeability
are measured as a function of temperature. The magnetic order is discussed and explained. It is con-
cluded that the pseudobrookite possesses a ‘spinel like network’, which is strengthened by incorporation
of “LiAl”. It produces a weak long-range ferrimagnetic order in place of short-range antiferromagnetic
order. Possible applications are discussed in the text.
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1. Introduction

A solid-state reaction between FeaOg and TiOs forms the very stable phase FesTiOs [1]. The presence
of Fe?T ion is not observed in this phase [2]. Electrically, it is ‘n’ type of semiconductor [3]. This compound
has been investigated extensively for its magnetic spin glass behaviour [4-7]. This compound has short-range
antiferromagnetic order, which is partly broken by Ti layers, and the compound has a spin glass transition
at 53 K [8]. Recently, the compound has been investigated for its large thermal expansion anisotropy
[9], thermodynamic equilibrium [10] and crystallographic texture [11]. Pseudobrookite has orthorhombic
symmetry [12]. The space group assigned to FesTiO5 by different investigators is either “Bbmm” [11] or
“Cmem” [13]. Recently, FeoTiOs5 has been observed to exist with monoclinic symmetry (space group C2/c)
when annealed at 1570 K [14]. The compound has been used as a photocatalyst [15], a photoelectrode for
electrolysis of water [16,17]. Overall one gets an impression that this compound has the potential of wide
range of applications.

This has encouraged us to pursue systematic investigation of its electrical, dielectric and magnetic prop-
erties. An attempt is made to investigate the effect of lithium aluminium hydride (LiAlH,) on the compound.
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LiAlH, is known as a reducing agent. It is proved to reduce and convert (NiO4+2MnO3), (MnOs+Fe;03)
and (ZnO+2MnOs) into spinels during their respective solid state reactions at 950 °C [18]. However, a large
quantity of reducing agent is observed to vaporize. Interestingly, the remaining small quantity of lithium and
aluminium in equal equimolar ratio appears to enter into vacant 16¢ sites of the spinel, similar to lithium
intercaltion [18]. However, in this case it may be called as “lithium-aluminium intercalation” due to the pres-
ence of aluminium. A similar attempt on the stable phase FesTiOj5 failed to form the corresponding spinel.
However, it has developed interesting magnetic properties. This paper reports the synthesis and magnetic
properties of such a “lithiated” Fe;TiOs. These characteristics would widen the range of applicability of the
compound.

1.1. Experimental procedures

FeyTiO5 was prepared by calcinating a mixture of A. R. grade TiOy and Fe;Os (haematite) at 1000
°C for 24 hours followed by homogenization in an agate mortar and again was calcined at 1000 °C for 24
hours. The X- ray diffraction of powdered sample was taken and the formation of pseudobrookite phase
was confirmed. Then, x mole LiAlH; was added to one mole of FesTiOs (where x = 0.50, 0.75 and 1.00).
A homogeneous mixture is heated at low temperature to decompose LiAlH, inside the sample. Then, the
mixture is calcined at 1000 °C for 24 hours. The samples are labeled and referred as Ssg, S75 and Sigg
respectively. The presence and the quantity of “LiAl” in these samples, was confirmed by chemical analysis
using Inductively Coupled Argon Plasma (ICAP) technique. “LiAl” remaining with the sample is observed
to be z = 0.20, 0.30 and 0.40 mole respectively having Li Al in 1:1 atomic proportion

The initial susceptibility (y;) of all the samples in powder form was measured as function of temperature
by a double coil set up [19] generating an alternating field of 5 oersted at 300 Hz. On the other hand, the
initial permeability (u;) was measured on APLAB LCR-Q meter, by winding 100 turns on the pelletized
sample in the toroidal form. The initial permeability was calculated by using the relation,

wi = L/[0.0046 N?hlog(dy/d;)]

Where L is the inductance in pyH, d; and ds is inner and outer diameters respectively of the sample
in the toroidal form and h is the height of the toroid in inches. The variation of initial permeability was
investigated as a function of temperature.

The saturation magnetization of the pseudobrrokite sample was determined by using an alternating
current electromagnetic type hysteresis loop tracer. It mainly consists of an electromagnet, a pick coil
system, balancing and integrating circuits and pre-amplifier. The details of this method are given elsewhere
[20].

2. Results and Discussion

2.1. Location of “LiAl” in lattice

In order to determine the origin of the ferrimagnetic order in the samples, the investigation of their
structural nature is thought worthwhile. The equal atomic presence of Li and Al after the reaction process
enhances the probability of lattice/interstitial sites by “LiAl” as a pair particularly on the grain boundary.
The XRD analysis of the “lithiated” samples indicates that they too are pseudobrookite with orthorhombic
symmetry. However, the content of “LiAl” in the sample appears to increase the anisotropy (i.e. octahedral
distortion) as suggested by the decrease in lattice parameters ‘a’ and ‘b’ and increase in the value of ‘¢’ (Table
1). This may be explained as follows: The ionic radius corresponding to (LiAl)** ion would certainly be
greater than that of Ti** ion. This implies two things: i)(LiAl)** ion substitutes Ti** ion along the ¢ axis
which is the easy magnetic axis of the pseudobrookite and ii) the difference between ionic radii of (LiAl)**
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and Fe3t ions is larger than that between ionic radii of Ti*T and Fe?* ions. This causes more distortion in
octahedra and decrease in the value of ‘a’ as observed [12]. However, it is interesting to note that certain
reflections corresponding to the pseudobrookite phase become increasingly stronger as the content of “LiAl”
increases [Table 2b]. Many of them exist in Fe;TiO5 as weak reflections. These reflections correspond to
spinel phase as indicated in Table 2b. However, the densities in xylene of all the samples are around 4.2
g/cc. Hence, the formation of heavier spinels (theoretical density ~ 4.76 g/cc) such as LiFe;Og or FeoTiO4
as an additional phase seems unlikely. Hence, it may be concluded that there exists a spinel like network
within the pseudobrookite phase and gets increasingly ordered and stronger with the LiAl content. That
Fe3t — Fe?t reduction by incorporation of “LiAl” is unlikely would be made clear later.

Table 1. Data showing effective carrier concentration, room temperature conductivity and particle size.

Sample Assumed cation Concentration | Concentration Effective d. c. Particle

distribution on 4c of donors of acceptors carrier conductivity size

sites (2Li content) | concentration | x10~% mho- A

and type m~!

SOO Fe 0.67 Ti 0.33 0.33 0.00 033(11) 3.45 305
S50 F€067T1013(L1A1)020 0.13 0.40 027(p) 4.20 544
S7s Feg.67Ti0.03(LiAl)o.30 0.03 0.60 0.57(p) 6.10 485
S100 F€0,67T10,00(L1A1)0,33 0.00 0.66 066(p) 14.00 364

If (LiAl)** ion replaces Ti** ion, then the question arises about which of the two octahedral (8f and 4c)
sites of FesTiO5 would it prefer. In this connection it is interesting to note that the cation distribution in
Fe,TiO5 is given as [(Fej . Tighs)ae (Fed h,Tigt-)s] [21]. Due to the random distribution of cations [22],
Ti** ion acts as a donor in Fe; TiOs. If the entire quantity of the LiAl replaces Ti on 4c sites, then acting as
an acceptor, Li ion compensates the donor (AI*>* ion does not contribute to the Fe3* lattice due to having
the same valency). On the basis of this model the carrier densities are calculated [23], and are compared
with the corresponding d.c. conductivities (Table 1). The linearity of the plot (Figure 1) suggests that most
of the (LiAl)** substitutes Ti** on 4c sites.

Table 2a. Lattice parameters for the Sgo, Ss0, S7s and Si00 samples.

SAMPLE | a A b A c A
Soo 3.729 | 9.782 | 9.980
S50 3.727 | 9.806 | 9.985
S75 3.706 | 9.672 | 9.990
S100 3.701 | 9.583 | 10.107

Table 2b. XRD data showing reflections corresponding to spinel phase in pseudobrookite phase

dops in A Percentage Intensity For spinel phase deq; in A
Soo S50 S75 | S100 | Soo | Sso | S75 | S100 | hkl | Seo S50 S75 | Sio0
2.859 | 2.927 | 2.912 | 2.921 7 9 29 46 220 | 2.920 | 2.932 | 2.918 | 2.921
2.454 | 2.501 | 2.489 | 2.491 | 27 23 76 100 | 311 | 2.490 | 2.509 | 2.489 | 2.491

— 2.070 | 2.066 | 2.065 | — 8 23 30 | 400 — 2.073 | 2.064 | 2.066
1.662 | 1.659 | 1.684 | 1.687 | 12 | 14 | 15 18 | 224 | 1.690 | 1.690 | 1.685 | 1.687
1.421 — 1.456 | 1.463 | 9 — | 27 44 | 440 | 1.460 — 1.459 | 1.461
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Figure 1. Plot of Carrier Concentration versus A. C. Conductivity (o) at Room Temperature at 1 MHz.

2.2. Initial susceptibility

FeyTiO5 (sample Sgg) does not exhibit any initial susceptibility. This is attributed to its antiferromagnetic
nature at ambient temperature (Curie temperature ~ 650 K [24]). However, all “lithiated” pseudobrookite
possessed initial susceptibility. Their room temperature values increase in x;(Ss0) < Xi (S7s5) xi <(S100)
order. They exhibit the Curie temperature (Figure 2). This is probably a ferrimagnetic behaviour. The
rounded nature of the curve (that is the presence of a dome) for Ssq is attributed to a large number of
single domains [25]. The curves corresponding to S7; and Sigg are flat, and show a long tail around Curie
temperature. These samples, therefore, may also have a substantial number of multidomain grains [26].
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Figure 2. Plot of Normalized Susceptibility versus Temperature.

2.3. Initial permeability

Also for Fea TiO5 (Soo) sample permeability is not observed. The room temperature permeability increase
in p;(S75) < i (S100) < i (Ss0) order. The variation of initial permeability versus temperature is shown
in Figure 3. It shows that the initial permeability increase slowly, forms a small peak just before the Curie
temperature and falls rapidly beyond the Curie temperature. The peak becomes more pronounced and fall
is more rapid with the content of “LiAl” in the sample (Figure 3). The presence of peak is indicative of
changing sign of anisotropy constant near Curie temperature and its height indicates the rapidity with which

28



MADARE, SALVI

it changes. Thus overall, one gets an impression that anisotropy is on the rise with the “LiAl” content as
suggested earlier from the structural data. The Curie temperature obtained from the initial susceptibility
and initial permeability curves are compared in Table 3.

Table 3. Data showing curie temperature for lithium ferrite Sso, S75 and Sip0 samples.

Curie Temperature K
Sample  From susceptibility From permeability
LiF€5OS 890
S50 471 708
S7s 568 581
S100 519 568

a4 - - L -
25 100 200 300 400 500
Temp°C —»

Figure 3. Plot of initial permeability versus temperature.

Both the initial susceptibility and initial permeability are dependent on the magnitude, direction [27]
and frequency [28] of the applied magnetic field. The principle used in the experimental technique is also an
important factor. A powdered sample was used for the measurement of the initial susceptibility; on the other
hand a toroid was used while measuring initial permeability. In view of these factors, a strict comparison
of the present curves (Figure 3) and Curie temperatures (Table 3) is not possible. The strict comparison is
not possible also due to the possibility of randomness of location of “LiAl” in different samples. However,
it is interesting to note that the Curie temperatures from the initial permeability are on the higher side in
each case (Table 3). This may be due to the preferred orientation retained in the toroids. In Ssg, such an
orientation may be substantial causing a large difference between Curie temperatures of Sso (Table 3).

However, one may logically conclude that, inside the sample:

1. LiAl pair is likely to substitute Ti** ion particularly on the grain boundary and generates a ferrimag-
netic order.

2. Domains are separated by the layers of non-magnetic Ti ions.

3. Initially, for smaller LiAl content, domains are magnetically weak yet large in size. The short-range
ferrimagnetic order is sandwiched between non-magnetic Ti layers may serve as a thick domain wall.
This creates a single domain like situation.
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4. As the LiAl content increases, the number of ferromagnetic multidomains increases. The nonmagnetic
Ti layers may act as thin domain walls. The increasing number of multidomains is known to increase
Curie temperature [29]. In the present system, the presence of single domain, multidomains and their
preferred orientation will decide Curie temperature.

2.4. Magnetic hysteresis

As a further confirmation, the hysteresis of the samples in the pellet form was studied at 50 Hz applying
large fields. The corresponding parameters are included in Table 4. The small value of H, is indicative of
a soft ferrite. As has been indicated earlier from the study of initial susceptibility and initial permeability,
S50 has the least anisotropy and the stronger SD nature. However, in both S75 and S19p a MD formation is
indicated and anisotropy is maximum for Sig9. Hence, larger H. for S199 may be due to increasing part of
wall energy.

Table 4. Magnetic data for Sso, S75 and S1p0 samples.

sample | M; HC(OG) MR/Ms T)Bcalculated | TI3(observed)
from
LiF€50g
formation
S50 6 67 0.63 0.67 0.09
S7s 9 59 0.70 0.67 0.13
S100 8 94 0.68 0.67 0.11

The small magnitude of saturation magnetization (M) and number of unpaired electrons (1) show that
it is weak magnetic system. The data is compared with that of spinels, which possibly form in the system.

The only magnetic spinel, likely to form in this sample is LiFe50g. However, there is equal presence of
Li and Al. Moreover, the Curie temperature of Lithium Ferrite is 890 K, which is much larger than the
Curie temperature determined for our samples (Table 3). Further, the number of unpaired electrons is 2.5
in LiFe50g. Had LiFe50g been formed in these samples, the corresponding number of unpaired electrons on
4c sites would have been 0.67, 0.67, 0.67 respectively for Ssg, S75 and S199. However, the measured number
of unpaired electrons is much smaller (Table 4). These facts rule out the possibility of the formation of
LiFe5Og.

FeyTi04 is another spinel of interest. It is paramagnetic above its Curie temperature 142 K [29]. Both,
the magnetic moment and Curie temperature of FesTiO4 do not match with the values observed for our
samples. Hence, it is concluded that FesTiO,4 spinel phase is also not formed in our samples

At low field, the magnetization increases by the shifting of domain walls. From the y; data, domain
wall movement is in x;(S50) < x:(S75) < x:(S100) order at 300 Hz. However, from p; data the domain wall
movement is in 1;(S75) < 1i(S100) < pi(Ss0) order at 1 kHz. Thus between the two MD samples, the wall
movement becomes faster in S1gp than in S75 when the applied frequency is changed from 300 Hz to 1 kHz.

3. Conclusion

It is concluded that the long range antiferromagnetic like order, which is partly broken by Ti layers in
Fe;TiOs, is revived and rendered ferromagnetic by LiAl pair replacing by Ti. This strengthens the spinel
like network, which is responsible for magnetic properties of these materials.
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