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V9.

M ossbauer Effect Study of some Nano metric Samples Containing
[ron.

Najlaa I brahim Ahmed AlJuraid

SAMMARY

This manuscript, submitted for obtaining the degree of PhD in
Physics, reports the results of a fundamental research with respect to
superparamagnetism behavior in psuedobrookite, FeTiOs and a series
of materials with the spinel structure, MeFeO, (Me=Zn, Co, Cu, Ni,
ZnCo).

The thesis starts with an introduction describing briefly the
situation of the subject in the current research (concentrate on last ten
years) on the microstructure of the magnetic spinel compounds
possessing competing anti-ferromagnetic interactions. Such materials
have been reported to behave as super paramagnetic clusters on one hand
and as magnetic on the other. The aim of the present work is to study
some particular spinel systems with the aid of Mdssbauer spectroscopy
and also to get an insight in the current controversial ideas concerning
the magnetic behavior in such materials.

Chapterl describes in the first part the structural and the magnetic
properties of the spinel compounds. Apart from the crystallographic
structure other typical features such as site preference of the cations of
the transition elements and the resulting cation distribution among
tetrahedral and octahedral sites are explained. The extensive possibilities
of the magnetic structures in spinel compounds are also outlined in this
chapter. Some attention has also been paid to the concept of the
superparamagnetism because magnetic cluster formation can occur
which shows features comparable to super paramagnetic small particles
(nanometeric size).

Chapter 2 treats the theoretica background of Mossbauer
spectroscopy. The various hyperfine interactions are explained and
specials emphasis has been put on the physica interpretation of the
Mossbauer parameters, isomer shift, quadrupole splitting and magnetic
hyperfine field. Particular attention has been paid to the description of
the recoil free events that leads to get a Mossbauer spectrum and the
preparation methods (Oxalate and co-precipitation) of the presently
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investigated materials is described and the experimental DC electrical
conductivity measurements are given.

Chapter 3 as the most important chapter of this work, contains the
results concerning the microstructure analysis of series of
pseudobrookite (6 samples) and of series of spinel ferrites MFeQO,
M=Zn,Co.Cu and Ni). Particular attention has been paid to explain the
superparanagnetic behavior found on pseudobrookite and two series of
ferrites zn and co. Ned's formula has been discussed in terms of the
volume of grains obtained and at which temperature of the Mossbauer
spectrum is recorded.

Chapter 4 The main conclusons of this work are briefly
summarized at this chapter.
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Abstract: Ferric pseudobrookite Fe,TiOs was successfully synthesised by the
oxalate precursor method and subsequent calcination at temperatures ranging
from 900°C to 1,300°C. The materials were characterised by scanning electron
microscope (SEM), X-ray diffraction (XRD), and *’Fe Mdssbauer spectroscopy
(MS). Powders calcined at all temperatures comprised of Fe,TiOs, a-Fe,O3 and
TiO, phases. Upon calcination at the elevated temperatures the powders
underwent significant changes in grain size, the Fe,TiOs phase increased to
dominance, and Fe*" and Ti*" randomly occupied the two metal sites available
in the Fe,TiOs structure. However, a-Fe,O; particulates were isolated inside
hardened Fe,TiOs grains. As a result, total solid state reaction was constrained
and synthesis of pure Fe,TiOs5 was incomplete.

Keywords: oxalate precursor; Mdssbauer; psuedobrookite; X-ray diffraction;
XRD.
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1 Introduction

Ferric pseudobrookite Fe,TiOs is shown to exhibit an interesting anisotropic-uniaxial-
spin-glass state at low temperature (Gurewitz and Atzmony, 1982) and like other
Fe-Ti-oxides has potential use in microelectronics, gas sensing, non-linear optics and
magnetic applications. The crystalline structure of Fe,TiOs is orthorhombic with the
Cubic Cm (D2h'?) space group. In this structure, the metal ions occupy two distinct
octahedrons of oxygen; one is distorted, 8f sites, and the other is symmetric, 4c sites.
However, it seems to be difficult to synthesise this material free of minor impurity phases
(Shirane el al., 1962; Cruz et al., 1986). In addition, it is still controversial whether Fe**
and Ti*" are distributed randomly or preferentially on the above metal sites (Gurewitz and
Atzmony, 1982; Guo et al., 1999). Taking advantage of nanotechnology ability to alter
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structures down to the atomic level and to change physical properties from those of bulk
(Hamdeh et al., 1997) this work is initiated to evaluate Fe,TiOs produced by the oxalate
precursor method.

The oxalate precursor technique is capable of producing homogeneous nanosize
materials at low-processing temperature and at relatively low cost (Hessien, 2008).
Previously reported data on Fe-Ti, presented the following results:

1 the limits of the austenite field and the austenite+ ferrite field are placed at 0.69 and
1.24 wt.% Ti, respectively

2 the solubility of titanium in ferrite (alpha iron) reaches its maximum at 8.4 wt.% Ti
at the eutectic temperature of 1,289°C, but decreases significantly at lower
temperatures (e.g., 0.53 wt.% Ti at 600°C and 0.15 wt.% Ti at 400°C).

This difference in the solubility of titanium enables the precipitation hardening of Fe-Ti
alloys (Swartzendruber et al., 1976). It is evident that temperature plays a critical role in
the formation of iron titanium alloys. The present study is expected to examine these
parameters affecting the synthesis of Fe,TiOs.

2  Experiment

The oxalate technique is employed to prepare solid solution precursor in nanosize form in
order to produce the iron-titanium psuedobrookite Fe,TiOs. Measured ferric chloride
(FeCl3-6H,0) and anhydrous titanium dioxide (TiO,) to a ratio of Fe:Ti equals 2:1 are
mixed in oxalic acid as source of organic acid. The mixing took place on a hot-plate
magnetic stirrer for 15 minutes during which the aqueous solution of organic acid was
gradually added to the mixture. The solution was then evaporated at 80°C with
continuous stirring until solution is completely dry. Afterward, the produced powder was
dried overnight in a dryer at 100°C. Portions of this powder were calcined in air at
different temperatures ranging from 900°C to 1,300°C for 4 h soak period. Samples
calcined at 900°C, 1,000°C, 1,100°C, 1,200°C and 1,300°C are labelled as TiF900,
TiF1000, TiF1100, TiF1200 and TiF1300, respectively. The structural measurements on
calcined samples included SEM (JEOL JSM-6390LA, EM unit, Taif University), XRD
obtained by Brucker axis D8 diffractometer (Cu-Ka radiation), and MS (30 mCi SCo
radiation). Mossbauer spectra were collected in the transmission mode by a standard
constant acceleration spectrometer.

3 Results and discussion

Images of the fine particles were obtained by scanning electron micrographs. Figure 1
shows the micrographs of all calcined powders. The powder sample TiF900 has the
remarkable morphology of thin strings of joined particles. These particles are nearly
spherical and their average size is on the order of 100 s of nanometers. The observed
string outline is possibly inherited from the needle-shaped rutile TiO, mineral.
Micrograph of powder sample TiF1000 appears to be largely similar to that of TiF900 but
strings are shorter and thicker due to fusion of particles at the higher temperature.
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Figure 1 SEM Micrographs of powders calcined at the indicated temperatures

L 7
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Table 1 Maossbauer isomer shift relative to pure Fe (ISg.), quadrugole splitting (QS), hyperfine
magnetic field (HMF), and ratio of Fe*" in Fe,TiOs to Fe®" in a-Fe,05 (area ratio)

Sample Phase ISke OS mm/s HMF kG Area ratio Fe;1i0s: aFe,0;
mm/s MS XRD
TiF900 aFe,0; 0.36 -0.23 514 0.39 0.31
Fe,TiOs 0.40 0.69 -
TiF1000 aFe,0; 0.36 -0.23 514 0.96 0.68
Fe,TiOs 0.40 0.68 -
TiF1100 aFe,0; 0.36 -.23 514 1.22 1.16
Fe,TiOs 0.40 0.69 -
TiF1200 aFe,0; 0.36 -0.22 514 1.86 2.27
Fe,TiOs 0.40 0.68 -
TiF1300 aFe,0; 0.36 -0.21 514 2.13 3.52
Fe,TiOs 0.40 0.67 -

Note: XRD intensity ratio of Fe,TiOs pattern to that of a-Fe,O; (area ratio).
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The string feature vanishes in the TiF1100 micrograph and a very large increase in the
grain size is seen in the micrographs of TiF1200 and TiF1300. Here, the average grain
size is on the order of micrometers. The XRD patterns for all samples display the
fundamental peaks of the orthorhombic Fe,TiOs, the hexagonal a-Fe20; and the rutile
TiO,, essentially matching Franklinite JCDPS numbers, 024134, 330664 and 085492 for
the three structures, respectively. Lattice parameters, a = 9.71, b = 3.73 and ¢ = 9.94, for
the orthorhombic Fe,TiOs phase were calculated from the position of its principle peaks.
The results are in good agreement with the JCPDS table values of a = 9.7, b = 3.72,
c=9.93.

Figure 2 presents patterns for all the calcined samples. Moving upwards from TiF900
to TiF1300, there is a distinct increase (decrease) in the intensity of the diffraction pattern
of Fe,TiOs (a-Fe,0; and TiO,). The calculated relative intensities from the areas under
the major peaks in each diffraction pattern are shown in Figure 3. These values may
represent a good estimate of the relative fraction of each phase in calcined powders,
considering that grains of each phase are physically separate. Intensity of XRD signal is
high from surface layers and grows weaker from deep layers. Therefore, relative
intensities may greatly underestimate a phase fraction when the phase is encapsulated
inside another. On the other hand, absorption Mdssbauer spectra collected in the
transmission mode provide accurate evaluation of fractions of Fe-based phases
regardless of physical conditions. Mdssbauer signal comes from all Fe atoms in the
absorber-sample. Typical Mossbauer spectra exhibit two (doublet) or six (sextet)
resonance lines for paramagnetic or magnetically ordered Fe atoms, respectively. Three
basic hyperfine parameters are usually obtained from each spectrum. The isomer shift
(IS) and the quadrupole splitting (QS), which are sensitive to the electronic valence state.
Also QS depends on the symmetry of the Fe site. The third is the hyperfine magnetic
field (HMF) at the Fe nucleus which provides information on the magnetic state.
Mossbauer spectra in Figure 4 show that all calcined sample display a paramagnetic
doublet and a magnetic sextet. Calculated hyperfine parameters listed in Table 1 are
identical for all samples. From these parameters, the doublet is easily identified as arising
from Fe** in F e,TiOs and the sextet is arising from weakly ferromagnetic Fe*' in o-Fe, O3,
in partial agreement with XRD results. The fraction of Fe’* in each phase is determined
from the corresponding area fraction of the doublet and the sextet. Neglecting any
differences in the recoil free fraction, these values reflect the accurate fractions of
Fe,TiOs and a-Fe,O3 phases in the powder samples. Since Mdossbauer measurements
detect Fe-based phases, it is only meaningful to compare phase ratio Fe,TiOs: a-Fe,O3 to
those obtained by XRD. These ratios are listed in Table 1. Results from both
measurements show the same trend of phase evolution with temperature, but ratios differ
significantly for the TiF1300 sample. Based on the aforementioned characteristics of both
measuring techniques, a-Fe,Os particulates appear to be embedded inside Fe,TiOs grains
of TiF1300 sample. Consequently, this hinders further substitution of Ti into the
encapsulated a-Fe,O; and restricts the synthesis of pure phase Fe,TiOs. Visible changes
to the Fe,TiOs doublet of TiF1200 started at —203°C (70 K) due to the onset of magnetic
order as shown in Figure 5. At —253°C (20 K) and —233°C (40 K), the doublet evolved
into a broad-lines sextet characteristics of magnetically ordered Fe’* on a time scale
comparable or longer than the measuring time 10° s of MS. To obtain the HMF
distribution, the two spectra were fitted using the method of Le Caér and Dubois (1979).
Further knowledge from previous work that Fe,TiO5 and antiferromagnetic o-Fe,O; have
similar IS and QS (Gurewitz and Atzmony, 1982) the spectra were fitted to one HMF



distribution. An IS = 0.40 mm/s and QS = 0.29 mm/s were found for all fits. Calculated
distributions presented in Figure 5 feature two major peaks which are assigned to
Fe,TiOs and antiferromagnetic o-Fe203. It is worth mentioning here that a-Fe,O;
undergoes Morrin transition from weakly ferromagnetic to antiferromagnetic state below
—8°C (265 K). The profile of the Fe2TiO5 HMF distribution at both temperatures reveals
a random distribution of Fe*" and Ti*" on both 8f and 4c metal sites. And the peculiar
thermal excitations at —233°C are due to superparamegntic relaxations of diverse
magnetic-domains. Clustering of magnetic-domains usually precedes the spin-glass state

Structural properties of ferric pseudobrookite Fe,Ti;Os powder

in a chemically disordered system such as the case in present Fe,TiOs.

Figure 2

Figure 3

XRD patterns obtained from powders calcined at the indicated temperatures (see online

version for colours)
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Figure 4 *'Fe Mossbauer spectra at room temperature resolved into Fe,TiOs doublet and aFe,0;
g P P! S Fe
sexlet spectra were collected from powder calcined at the indicated temperatures
(see online version for colours)

800 °C

—_ °c
3
S
2 °c
‘W
c
]
= °’c

Jo:

-1‘0 -‘5 0 5 1r0 16

Velocity (mm/s)

Figure 5 *'Fe Mossbauer spectra collected from TiF1200 at the indicated temperatures with their
HMEF distributions as obtained from the method of Le Caér and Dubois (see online
version for colours)
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4 Conclusions

Ferric pseudobrookite Fe,TiOs powders were produced by the oxalate precursor route and
calcination for 4 h at temperatures from 900°C up to 1,300°C. The procedure also
produced a-Fe,O3 and TiO, phases. From this study, it becomes evident that calcination
for 4 h at the low end temperatures is not long enough to produce Fe,TiOs powders free
of impurity phases. At the high end temperatures, Fe,TiOs is quick to harden around
o-Fe,O5 and TiO, and inhibits full solid state reaction. Based on combined MS and XRD
results, the optimum calcination temperature lies between 1,000°C and 1,100°C. Analysis
of low temperature Mdssbauer spectra indicates that Fe’* and Ti*" are randomly
distributed on 8f and 4c metal sites.
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spectroscopy. The crystallite sizes of the synthetic ferrite ranges between
12-48 nm respectively. The crystallite size of each sample was found to be
strongly dependent on the calcination temperature and pH. Moreover, the
Mossbauer profile of Zinc ferrite phase is discussed in terms of the particle size
and the measuring Mossbauer temperature.
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1 Introduction

Spinel ferrite nanoparticles have been the subject of extensive studies by physicists and
chemists a like (Anantharaman et al., 1998). Currently, spinel nanoparticles (nPs) has an
increasing interest for many applications. Owing to their microstructure, they
exhibit novel properties which differ from those of bulk materials. This difference is
attributed to the large amount of atoms located in grain boundaries of the small
crystallites, approaching to atomic dimensions (Satyanarayana et al., 2003). A lot of
synthetic techniques for preparing nanosize materials have been presented (Ataie et al.,
2002; Mostafa, 2005; Aljuraide et al., 2011). Among these techniques, chemical
co-precipitation proved to be the most economical one (Chen and Zhang, 1998;
El-Shobaky et al., 2010). In this work, zinc ferrite nanoparticles, ZnFe,O,4 (sex samples)
were prepared by thermal treatment of their mixed hydroxides at 400°C—600°C.
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The mixed hydroxides were prepared by co-precipitation from their nitrates solutions
using 4 M NaOH solution.

By making use of x-ray powder diffraction (XRD) patterns, the corresponding
crystallite size is calculated and its variation with the calcination temperature is
discussed. Mdssbauer spectroscopy (MS) was employed as an analytical tool to discern
more information on the nature of ordering in the ZnFe,O, nPs samples.

2 Experimental

2.1 Materials and characterisation

Zinc ferrites, ZnFe,O4 were prepared using wet chemical co-precipitation route followed
by sintering. The synthesis procedure is described in details by El Shobaky et al. (2010)
elsewhere. Zinc ferrite samples obtained at pH 8 and 10 and calcined at 400°C, 500°C
and 600°C are labelled respectively as Znf400/8, Znf500/8, Znf600/8, Znf400/10,
Znf500/10 and Znf600/10. Samples were characterised by room temperature (RT) XRD
technique using Bruker D8 advanced target with Cu Ka radiation. The average size of
crystallites was calculated by using the full width at half maximum (FWHM) of
the (311) diffraction peak from Scherrer’s equation, as described by equation (1)
(Zhong et al., 1997):

D =kA/[ By, cos O] M

where D is the average crystallite size, in A, A is the wavelength of x-rays equal to
1.5418 A, B>, is the FWHM, @ is the diffraction angle. The value of k depends on several
factors, including the Miller index of reflection plane and the shape of the crystal, etc. if
shape is unknown, k is often assigned a value of 0.89, so the crystallite size of
Zn ferrite could be estimated (Li et al., 2006).

Mossbauer spectra were collected in the transmission mode by a standard constant
acceleration spectrometer. A *’Co single-line source in a rhodium matrix was used at RT.
Isomer shifts (dr.) were given to that of a Fe at RT, and a closed cycle He refrigerator
was used to cool the absorber at low temperature (20 K).

3 Results and discussion

3.1 X-ray powder diffraction analysis

Figure 1 shows x-ray diffraction patterns for nonosize ZnFe,O, particles. The
x-ray diffraction pattern of the particles was obtained with Cu-Ka radiation in the
20° <2 0 < 80° range. A slow scanning speed of 0.02° advance in 2 6 per min. was used
in order to optimise the resolution of the closely spaced reflections. The pattern of each
sample consists of fairly broad, but still resolved, peaks. There is no evidence of an extra
crystalline or amorphous phase being present. Each peak in the pattern can be indexed on
a cubic spinel structure, essentially matching that of ZnFe,O4 (JCPDS No. 22-1012). The
Particle sizes of the spinel phase have been estimated from the broadening of the XRD
peaks using Scherrer’s equation. These values along with those for the lattice constant are
listed in Table 1. It is notable that the line broadening gradually decreased with
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increasing annealing temperature, which is probably due to the growth of large
crystallites at higher temperature. The same result was previously observed by
Wang et al. (2004) who were studied the ionic disorder and Yaffet-Kittel angle in
nanoparticles of ZnFe,O,4 prepared by sol. gel method. They also found that the positions
of the reflection peaks samples prepared by the sol-gel method were almost the same as
the corresponding peaks for bulk ZnFe,O4 material.

Figure 1 X-ray diffractograms of zinc-iron mixed hydroxides calcined at different temperatures
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Table 1 Particle size and lattice parameter of ZnFe,O,

Sample D (nm) ay (A)* T(°C) pH
Znf400/8 17 8.430 400 8
Znf500/8 25 8.432 500 8
Znf600/8 48 8.433 600 8
Znf400/10 12 8.431 400 10
Znf500/10 24 8.433 500 10
Znf600/10 37 8.432 600 10

Note: *The derived lattice constant values agree well with the value of 8.44 A estimated
from the JCPDS table.

Source: Ahn and Choi (2002)

3.2 Mossbauer analysis

Figure 2 shows the Mossbauer spectra, measured at RT of zinc ferrite samples at pH= 8
and 10 followed by calcinetion at 400, 500 and 600°C. One can see that the Mdssbauer
profiles are the same at both pH values 8 and 10. All samples display a dominant
paramagnetic doublet having isomer shift (6Fe) ~ 0.29 £ 0.02 mm/s and a quadrupole
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splitting (AEQ) ~ 0.39 £ 0.02 mm/s. Obviously, this doublet emanates from ferric ions
occupying the octahedral or B-sites in the ZnFe,O4 system. This result is supporting the
microstructure of the bulk zinc ferrite in which Zn** ions almost occupied the tetrahedral
or A-sites and Fe*™ ions will occupy the octahedral or B-sites, hence the compound can
be represented by the formula (Zn)[Fe],04, where the round and square brackets
represent A- and B-sites, respectively. A previous investigation indicated that bulk
samples of ZnFe,0, could be categorised as antiferromagnetic with a Neel temperature of
about 9 K due to B-B interactions, and above this temperature, was categorised as
paramagnetic (Ahn and Choi, 2002). However, several reports have revealed anomalies
in its nature (Hamdeh et al., 1997, N/ang et al., 2003‘; Upadhyay et al., 2007).
Furthermore, features like enhanced magnetic susceptibility, hyperfine magnetic field and -
higher magnetisation have been observed at RT in nanosize ZnFe,O, (Kamiyama et al.,
1992). To explain these anomalous properties, it has been showed that in nanosize
ZnFe,04, a fraction of Zn®" ions prefer to occupy the B-sites, with a simultaneous
occupancy of the A-sites by Fe’" ions making the system partially inverted
(Hamdeh et al., 1997). However, the RT Madssbauer spectra of our samples are in fair
agreement with this inversion structure reported for nanosize ZnFe,0,. The reason behind
this disagreement may be refer to the size of grains obtained in our study (12—48 nm) for
ZnFe,04 nPs. Upadhyay et al. (2007) had showed anomalous magnetisation behaviour
for the ZnFe,0, sample of average size 4 nm measured with SQUID in the temperature
range 5-300 K and no such anomaly is observed with samples of 6 nm particle size made
with the same procedure. Moreover, Fe-extended x-ray absorption fine structure
(EXAFS) studies showed that there is around 80% inversion in case of zinc ferrite
(ZnFe,O4) with the particle size 4 nm, whereas ZnFe,O, of size 6 nm shows 40%
inversion. The sample with an average particle size of 7 nm and more showed negligible
inversion, i.e., it exhibits as a normal spinel.

Figure 2 Room temperature Mossbauer spectra of zinc ferrite nanoparticles, conditions at which
sample is prepared are indicated
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Figure 3 Mdssbauer spectra, measured at 20 K, of zinc ferrite nanoparticles, conditions at which
sample is prepared are indicated (see online version for colours)
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In other words, bulk-normal Zn ferrite is antiferromagnetic below 10 K because all
magnetic-Fe atoms reside on the B-sites and couple magnetically via the negative-weak
B-B exchange interaction. In partially inverse ferrite, magnetic-Fe resides on both A- and
B-sites and couple magnetically via the negative- strong A-B coupling. Ferrimagnetic
domains (not necessarily grain size) form by these A-B couplings. The size of such
ferrimagnetic domain depends on the number of these A-B coupling (i.e., inverse
parameter). At RT, our Mossbauer spectra (Figure 2) showed that the size of these
domains are small and then arouse superparamagnitism (SPM). To verify the Fe** ions
distribution between A and B sites, all samples are conducted to low temperature
measurements at 20 K. Figure 3 shows the corresponding Mossbauer spectra of the ferrite
phase. It can be seen from the figure that the Mossbauer spectra of both samples
Znf400/8 (17 nm) and Znf400/10 (12 nm) show clearly two magnetic sextets
corresponding to tetrahedral (A) and octahedral (B) sites in ZnFe,O, system with By (A)
~ 479 kG and By (B) ~ 441 kG respectively in agreement with those reported by
Hamdeh et al. (1997). In addition to collapsed spectrum of average relaxation
time = 1.4 x 10 s. As it could be expected, these results are a good meaning of SPM.
Most authors have assumed an exponential temperature dependence of the relaxation
time (r) as originally suggested by Neel-Brown formula concerning the super
paramagnetic relaxation time(z) (Neel, 1949):

T=1yexp(KV /kT) 2

Here T is temperature, & is the Boltzman constant, K is the magnetic anisotropy energy
constant, V is the volume of the single domain and 7, is the order of 102107 s. Below
the blocking temperature (TB), which is defined as the transition temperature from fast to
slow relaxation, the relaxation time is long compared to the nuclear Larmor precession
period, ‘slow’ (10® s < @' < 107 s), and in this case, a magnetic split sextet will be
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observed. Above TB, the magnetic sextet collapse and completely vanishes because of
“fast’ relaxation, therefore, the quadrupole splitting doublet will shows up in the spectrum
(Kamali et al., 2006; Dunlap et al., 2004). In comparable to Mdssbauer measuring time,
the magnetic sextet will suffer to a degree of collapse depending on the average
relaxation time. Table 2 lists the average relaxation time calculated using equation (2).

Table 2 Average relaxation time of zinc ferrite nanoparticles calculated from Neel-Brown
formula
Average relaxation time (z) Sample
1.4 %107 Znf400/8 Znf400/10
9x107 Znf500/8 Znf500/10
3% 107 Znf600/8 Znf600/10

4  Conclusions

Nanosize ZnFe,O, particles were synthesised by using a co-precipitation method.
Analysis of the XRD patterns showed the samples had a cubic spinel structure with a
lattice constant o, = 8.43 A. The average particles sizes determined from the x-ray
diffraction line broadening were increased with increasing the calcinations temperature.
The asymmetric broadening and the large line widths of the Mdssbauer spectral lines
arouse from the measured relaxation time on the basis of the magnetic hyperfine fields
due to the distribution of the Fe** ions at both the tetrahedral and the octahedral sites.
Super paramagnetic behaviour was also confirmed.
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