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Abstract. The effect of isochronal annealing on the phase transformation in iron oxide nanoparticles is reported
in this work. Iron oxide nanoparticles were successfully synthesized using an ash supported technique followed by
annealing for 2 h at various temperatures between 300 and 700°C. It was observed using X-ray diffraction (XRD)
and transmission electron microscopy (TEM) that as-grown samples have mixed phases of crystalline haematite (-
Fe;03) and a minor phase of either maghemite (y-Fe;O3) or magnetite (Fe304). On annealing, the minor phase
transforms gradually to haematite. The phase transformation is complete at annealing temperature of 442°C as
confirmed by differential scanning calorimetric (DSC) analysis. The unresolved phases in XRD were further anal-
ysed and confirmed to be maghemite from the X-ray absorption near edge structure (XANES) studies. The mag-
netic measurements showed that at room temperature nano-x-Fe; O3 is weak ferromagnetic, and its magnetization
is larger than the bulk value. The mixed phase sample shows higher value of magnetization because of the presence

of ferromagnetic y-Fe, O3 phase.
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1. Introduction

The study of particle size, phase transformation and micros-
train of nanomaterials is of crucial importance both from
fundamental and application points of view. In particular,
transition metal oxide nanoparticles (NPs) have attracted
considerable interest as they exhibit properties which differ
widely from the bulk phases.' Iron NPs are important owing
to their significant applications in the magnetic memories,
ferro-fluids, precursor for catalyst, bio-medical applications
and in the synthesis of carbon nanotube, etc.>~’

It has been observed that structural properties of nanoma-
terials depend on their fabrication techniques. The structural
parameters that can be controlled by modifying fabrication
conditions include size, shape, phase composition, micros-
train, etc. A large variation in size and shape of NPs has been
reported in earlier studies by the optimization of fabrication
techniques.®*? The change in particle size enables tailoring of
the materials to make it suitable for a wide range of applica-
tions including magnetic ferrofluids and catalysts.'® Out of
various suitable methods for synthesis of NPs reported in the
literature,'"1? ash supported method'! is found to be partic-
ularly interesting, as it is simple, low cost and environmen-
tal friendly. The technique can also be upgraded for indus-
trial production of NPs. The critical aspects, however, are the
control over particle size, size distribution, crystalline quality
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and change in chemistry by post-growth processes. Anneal-
ing is an attractive post-growth processing option in these
cases. A relevant study performed by Vales et al'? showed
that in the case of iron oxide (Fe,O3) NPs prepared by the
sol-gel method, the particle size increases with an increase
in the annealing temperature. It is also reported that the phase
composition of Fe,O3; NPs changes with change in anneal-
ing temperature. In this respect, several stable phases of iron
oxide like «-Fe,O3, y-Fe,03 and ¢-Fe,O3 are also reported
by Vales et al.'?

Phase transition and magnetic properties of iron oxide
NPs have been studied by Guo et al.'> They reported that
iron oxide sample undergo transition from ferromagnetic
to ferrimagnetic behaviour when NaOH concentrations are
gradually increased. They found that iron oxide sam-
ples at different NaOH concentrations show obviously
morphologies-dependent feature.

It is very well known that the iron oxide NPs show different
magnetic properties for various phases. Jeong et al'* have
reported that Fe,Os; NPs exhibit super-paramagnetism with
temperatures of 119.5 and 94.3 K. In yet another study by
Kim et al,”” Fe;04 NPs prepared by the co-precipitation
method, exhibited an average size of 15 nm. These particles
were found to be in super-paramagnetic phase. Similarly, in
case of Fe,Oj3 thin films, magnetite to haematite phase trans-
formation was observed with the increase in the deposition
temperature from 500 to 700°C and it was observed that
Fe;0y is ferromagnetic by Xu et al.'® Hence the authors
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concluded that the magnetic properties are very much depen-
dent on the phase of the particle as well as on the shape
and size. Xu et al'’ reported magnetic size effects and
phase transformations in their studies. They observed that
nanophase of y-Fe, O3, with a range of particle sizes and
these are obtained by the controlled annealing of sonochem-
ically synthesized Fe,O3; NPs. Annealing of y-Fe,O3 in the
air resulted in an indirect transformation in «-Fe,Os3 via
intermediate Fe;O4 phase and the magnetic properties were
found to be strongly different from those of the bulk y-Fe, 03
phase.

Looking into these changes, identification of proper phase,
therefore, seems to be very important. Thus, in the present
paper, we have undertaken phase identification studies of
iron oxide NPs synthesized by a method known as the
ash supported method. In this method we get NPs in the
form of residue and the cost involved in the preparation is
much less as compared to other NPs synthesis methods. The
analysis of the iron oxide NPs has been done using syn-
chrotron X-ray diffraction (SXRD), X-ray absorption near
edge structure (XANES), high-resolution transmission elec-
tron microscopy (HRTEM), vibration sample magnetometer
(VSM) and differential scanning calorimetry (DSC).

2. Experimental

To prepare iron oxide NPs, the initial reactants were taken to
be iron nitrate Fe (NO3)3-9H,0 as a precursor and methanol
as a solvent. The chemicals used are analytical grade, pro-
cured from MERCK. Iron nitrate (10.1 g) was dissolved in
100 ml methanol and a Wattman filter paper was soaked in
this 0.25 M methanolic solution of iron nitrate. This soaked
filter paper was burnt in the air and iron oxide NPs were
obtained in the form of residue. These iron oxide NPs are
designated as, as-prepared sample (sample #1). This sample
was divided into five parts designated as sample #2 to sample
#6. Samples #2, #3, #4, #5, #6 were annealed in air for 2 h
at temperatures 300, 400, 500, 600 and 700°C, respectively.
The samples were annealed at various temperatures in order
to study the phase transformation of iron oxide NPs and the
effect of annealing on size and strain of NPs. A sample is also
formed using Wattman filter papers soaked only in methanol
solvent. Again, these filter papers were burnt in the air and
the residue was obtained designated as ash particles. This
was carried out to see that there is no artefact coming from
filter paper or methanol. The NPs, thus synthesized, were
analysed by X-ray diffraction (XRD) using angle-dispersive
X-ray diffraction (ADXRD) beamline (BL-12) on Indus-2
synchrotron radiation source, India.'® The beamline is based
on a Si (111)-based double-crystal monochromator. The pho-
ton beam (0.3 mm x 0.3 mm) of energy ~11 keV was
used. An image plate area detector (Mar 345dTb) was used
for recording the XRD pattern. The data were reduced to
standard I-2 using fit 2D software. The wavelength and the
sample to detector distance were accurately calibrated using
XRD pattern of LaBg NIST standard obtained on the same
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set-up. The LaBg data were also used for the estimation
of instrumental broadening for Williamson—Hall plot. For
further phase confirmation and estimation of average sizes
of the NPs, transmission electron microscopy (TEM) was
performed using Phillips, CM200 instrument equipped with
W-filament operated at 200 kV.

Iron K-edge XANES spectra were recorded on the same
(ADXRD) beamline in transmission mode, using a pair
of ionization chambers. The measured energy resolution
(E/AE) of the beamline at ~8 keV (Cu-K edge) is ~7000
and the energy repeatability is ~100 meV. The normaliza-
tion of the XANES spectra was done for comparison among
samples annealed at different temperatures. The differential
scanning calorimetric (DSC) measurements of ash particles
and as-grown sample were carried out using TA Instruments
MDSC model 2910 at a scan rate of 10°C min~'. The mag-
netic properties were analysed using vibration sample magne-
tometer (VSM, PPMS from Quantum design, 14 T VSM).

3. Results

3.1 Structural characterization

3.1a XRD analysis: Figure 1 shows SXRD pattern of
samples #1—#6 performed on ADXRD beamline on Indus-2
synchrotron source at Indore, India, using photon energy of
11 keV. An analysis of XRD patterns shows that as-prepared
NPs (sample #1) exhibit polycrystalline nature and contain
at least two crystalline phases. The peaks marked as A in
figure 1 are either due to y-Fe,O; (JCPDS 15-0615) phase
or magnetite (Fe;04) phase (JCPDS #11-0614; Fd3m). It is
difficult from the diffraction peaks of these samples, to dif-
ferentiate between two phase’s y-Fe,O3; and Fe;O4 as the
d-spacing of the two phases are nearly equal and NPs show
broad XRD peaks. Intensities of these peaks (marked A in
figure 1) are much smaller than the major peaks and there-
fore, these peaks are from a minor phase. The peaks marked
as B are assigned to «-Fe, O3 phase (JCPDS # 24-0072) hav-
ing rhombohedral symmetry (space group: R-3 [148]). These
peaks are from the major phase. On isochronal annealing
of as-prepared samples, the intensities of the peaks marked
A, corresponding to y-Fe,O3; or magnetite (Fe;O,4) tend to
decrease with the increase in annealing temperature, while
intensities of the peaks marked B corresponding to o-Fe, 03
become stronger. This is in agreement with the reported
annealing studies of Bora et al,’® on iron oxide NPs synthe-
sized by wet chemical route. However, in the present paper
the minor phase has been attributed to y-Fe,Oj3. It is assumed
that it is not possible to assign these peaks uniquely because
the d-values are too close and the peaks are broad (parti-
cles being nano). Beyond annealing temperature of 400°C,
peaks A completely disappear and only peaks corresponding
to phase B remain. To determine precisely the temperature
at which minor phase disappears, we performed DSC mea-
surements on as-prepared sample and on ash particles. The
first derivative of the signal (shown in figure 2) clearly shows
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Figure 1. X-ray diffraction patterns for samples #1-#6 of iron
oxide annealed in air at various temperatures. Samples #1-#3
show mixed phase, whereas #4—#6 show single phase. y-Fe,O3 or
Fe304 and «-Fe,O3 phases are represented by symbols A and B,
respectively.

that minor phase transforms into major phase at 442°C. DSC
scan of ash particles (figure 3) does not show any signal.
Size, shape and microstrain play important role in deter-
mining the phase transformation and magnetic properties of
iron oxide NPs.!”~2! We have undertaken a diffraction peak
analysis to estimate average particle size and microstrain. We
will comment on the shape of the synthesized NPs, while
discussing TEM results (section 3.1b). We have employed
Williamson—Hall (W-H) analysis to get average particle size
and strain in the samples. According to the W—H method the
individual contribution to the broadening of diffraction peaks

can be expressed by the following equation:>

(,Bmeasured)2 = (/fginstrumental)2 + (,BStrain)2 + (lgsize)2 . (1)

In the above equation Bieasured 1 the experimentally measured
FWHM of the broad peak, Binstrumental 1S the instrumental
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Figure 2. Differential scanning calorimetry plot of as-prepared
sample (derivative) as a function of increasing temperature.
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Figure 3. Differential scanning calorimetry plot of ash particles
and as-prepared sample as a function of increasing temperature.

broadening calculated from the diffraction broadening of the
NIST LaB6 standard sample

DEﬁniﬂg . (ﬂ)z = (ﬁmeasured)2 - (/3instrumentul)2 s (2)
0.9% \?
? = (2etanh)? , 3
B (Ean)+LCOSQ (3
0.91\°
p*cos® O = 4e*sin* 0 + <_L ) , “

where f is the FWHM of the Bragg peaks (in radians),
26 the Bragg angle and A the wavelength of the X-ray (=
0.11211 nm), L the particle size in nm and ¢ the micros-
train. The obtained data have been used to construct a linear
plot of B2 cos? 6 as a function 4 sin” § ((see equation (4)),
as shown in figure 4. The intercept on y-axis and the slope
of the best fit straight line through data points give (0.9 /L)?
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Figure 4. Williamson-Hall Plot for as-prepared (#1) and
annealed samples (#2—#6). The intercept on the y-axis gives the
particle size and the slope of the best fit straight line gives the
microstrain for all samples.

and 4&2, respectively. This gives the particle size and the
microstrain. In figure 5, we have plotted particle size and
microstrain as a function of annealing temperature. It is seen
that the particle size decreases first from 74 £4 nm (for
sample #1) to 40 £4 nm for sample #3 and then increases
monotonously up to 168 &4 nm for sample #6. The obtained
particle sizes have been further confirmed by TEM (dis-
cussed in section 3.1b). We find that the microstrain is about
5 times larger in mixed phase compared to those in single
phase. After phase transformation, the strain in single phase
is independent of annealing temperature.

It is important to note that the NPs transform from a mixed
phase (mixture of x-Fe,O3 and y-Fe,;O3 or Fe;04) to a sin-
gle phase («-Fe,O3) at annealing temperatures of 440°C.
Also, the sizes of the particles first decreases up to sam-
ple #3 (annealed at 400°C) then it increases due to transfor-
mation of mixed phase (major + minor) in to single phase
(major phase). As shown in figure 5, we see an inflection
point around the size of about 40 nm. In the literature,?? it has
been reported that the critical size for size induced «- to y-
Fe,O; phase transformation is 40 nm. The analysis suggests

Anjali J Deotale et al

1 L1.2

160
E1zo< L0.8 ¢
o =
N []
® 5
Q X
Q
£ 1 04 S
= b
o

40
y 0.0

0 200 400 600 800

Temperature (°C)

Figure 5. Particle size and strain variations with varying anneal-
ing temperatures.

that the phase transformation may be particle size induced.
Also a large drop in microstrain is observed, for samples
annealed at more than 400°C. For precise identification of
the minor phase (y-Fe,Os3 or Fe;O4), we have employed
XANES measurements on the samples (to be discussed in
section 3.1c).

3.1b  Transmission electron microscopy (TEM): Figure 6a
shows typical TEM characterization of ash particles. Elec-
tron diffraction pattern shows the presence of pure amor-
phous phase. The corresponding images do not give any
signature showing the presence of NPs. Figure 6b—d shows
micrographs, high-resolution images and electron diffrac-
tion patterns of sample #1 (as prepared), samples #3 and
#6 annealed at 400 and 700°C, respectively. Average par-
ticle size obtained for samples #1, #3 and #6 are 25 £ 10,
17.6 £ 10 and 72 £ 10 nm, respectively. Particle size was
measured using image J software. More than fifty particles
were included in each case. The results are in qualitative
agreement with those obtained using XRD analysis. Parti-
cle sizes were also measured taking dark field images and
the results were in reasonably good agreement with the par-
ticle sizes obtained using W-H plot from XRD peak widths.
Corresponding selected area electron diffraction patterns for
all these samples are shown in figures 6b—d. Diffraction pat-
tern analysis shows that samples #1 and #3 (as-prepared and
annealed at 400°C) have a mixed phase of x-Fe,O5; and y-
Fe,03/Fe;0,4. However, analysis of electron diffraction pat-
terns for sample annealed at 700°C show only «-Fe,Os.
The d-values obtained from HR images are 3.69 A for (as-
prepared) sample #1, 2.17 and 3.7 A for samples #3 and #6,
respectively.

In XRD result, we observed that the minor phase (y-Fe,;O3
or Fe;0,) disappears after 400°C. It is also confirmed from
DSC results that phase transformation temperature is 442°C.
The electron diffraction pattern for all samples again con-
firms that minor phase is y-Fe,O3; or Fe;O4 converted to
«-Fe, O3 phase.
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Figure 6. TEM micrograph, high-resolution (HR) image and electron diffraction of samples (a) no diffraction
rings for ash particles as expected, (b) #1—as grown, (c¢) #3—400°C and (d) #6—700°C.

3.1c  Spectroscopic characterization (XANES): As discussed
in section 3.1, XRD of NPs cannot distinguish between y-
Fe, 05 and Fe;O,4 phases because of close d-values of the two
phases and large FWHM. However, Fe is in 34+ and 8/3+
oxidation states in the two phases, respectively. The pres-
ence of Fe;Oy in the mixed phase is likely to increase aver-
age oxidation state of Fe in the mixture. XANES is a proven
technique to estimate average oxidation state of transition
metal, in a compound. We have, therefore, undertaken spec-
troscopic characterization (using XANES) of the samples to
resolve the issue. Figure 7 shows Fe-K edge XANES spec-
tra of samples #1—#6 along with that of a standard Fe (NO,)3
(with known oxidation state of Fe). All the curves have been
normalized and vertically shifted for clarity. The XANES
spectra of transition metal oxide samples have four features
marked ‘P’, ‘A’, ‘W’ and ‘B’ as shown in the figure. The
pre-edge (marked ‘P’) is located at about 10 eV below the
main absorption edge (marked ‘A’) and is attributed to dipole
forbidden transition 1s—3d.?* This feeble quadrupole transi-
tion is activated by the mixing of 3d—4p orbitals of the metal
and also by the mixing of 3d-2p orbitals of the metal and
the legand. This transition (1s— 3d) is more intense when Fe
ions are in tetrahedral coordination compared to those with
octahedral coordination.’* A part of Fe in Fe;Oy, (having
bivalency of 2 and 3) is coordinated and hence gives more

intense pre-edge (1s— 3d) transition than that in pure Fe,0;
phase, which is purely octahedrally coordinated. For our sam-
ples, the intensity of the pre-edge is very feeble and the same
for all the samples, including the samples which are in sin-
gle «-Fe, 03 phase. This indicates that the minor phase is y-
Fe, 03 and not Fe;O,4. However, the concentration of Fe;Oy
phase is small as shown from the XRD results,we will fur-
ther confirm this from the analysis of the energy position of
the main absorption edge. This discussion indicates that the
mixed phase samples #1-#3 have y-Fe, O3 as minor phase.
The main absorption shoulder (marked ‘A’ in the fig-
ure) is assigned to the dipole forbidden transition 1s—4s.%*
Finally, the feature marked ‘W’ is called the white line and
is assigned to 1s—4p dipole transition. The curve beyond
‘B’ is EXAFS region and represents nearer neighbour chem-
istry of the Fe atom. The energy position of the absorption
edge (marked ‘A’ in figure 7) indicates the average oxida-
tion state of Fe in the sample.”” The edge gets blue shifted
with increase in the oxidation state of absorbing atom. To
exactly find the energy position of the absorption shoulder,
the XANES spectra were differentiated and the maxima of
the peaks were taken as the energy value. For our samples,
we find that the edge energies thus obtained are tabulated
in table 1. From the table, we find that edge energies of all
the samples are found to be in the range 7127.5+£0.5 eV.
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Figure 7. Fe-K edge XANES spectra of samples #1—#6 and that of the standard

Fe(NO;)3 sample.

Table 1. Edge energy of the entire sample calculated using
XANES.

Edge
Sample no. Sample name energies (eV)
# Standard # Standard 7128
#1 As grown 7127
#2 Annealed at 300°C 7127.5
#3 Annealed at 400°C 7127.8
#4 Annealed at 500°C 7127.8
#5 Annealed at 600°C 7127.2
#6 Annealed at 700°C 7127

So the edge energies of all the samples are within the error
bars of the measurements. Hence, the average oxidation state
of all the samples as +2. These corroborate the fact that
minor phase in samples # 1-# 3 is y-Fe,O3.

3.1d Magnetic measurements: To study the magnetic
properties, M—H measurements for samples #1 and #5 were
carried out by applying the magnetic field of 2.5 T at room
temperature (figure 8). These samples were chosen because
these samples have approximately the same size but differ-
ent phases and therefore, the change in magnetic proper-
ties can be attributed to the change in phase alone. It may
be mentioned here that the magnetic properties of transi-
tion metal oxide NPs depend upon size in addition to other
factors.”® From figure 8, the magnetization of as-prepared
iron oxide (#1) was found to be ~5.67 emu g~ and for sam-
ple annealed at 600°C (#5) was ~3.7 emu g~'. It may be
mentioned that sample #1 is in mixed phase of «-Fe;O3 and
v-Fe, 03, whereas, sample #5 is in single-phase «-Fe,Os.
Bulk «-Fe,;O3 is canted antiferromagnetic (AF) at lower
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Figure 8. M-H curve of sample #1 (as-prepared) and sample #5
(annealed at 600°C).

temperature and shows weak ferromagnetic behaviour above
260 K (Morin temperature). The weak ferromagnetism in this
case is because of canting of AF aligned spins. In the litera-
ture, M, value for bulk «-Fe, O3 is 2.1 emu g’1.27’28 Bulk y-
Fe, 03 is ferromagnetic with Mg = 76 emu g’l. It is interest-
ing to note that the M, for y-Fe,O; NPs have been reported
to be both lower 13.35 emu g% and higher 106 emu g~'?!
than the bulk value, depending upon the shape and size of the
particles. For our samples, the magnetization is not saturated
at higher magnetic field. Therefore, the obtained values are
not saturation magnetization (M) but these values are max-
imum magnetization (Mp,x). The sample #5 (single-phase
«-Fe,03) particles show maximum magnetization value of
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Table 2. Summary of phase transformation study in iron oxide nanoparticles.

Method of Annealing
S. no. Author preparation air/vacuum  Phase transformation
1 Chernyshova et al® Precipitation method Air «-Fe, O3 to y-Fey O3
2 Xu et all” Sonochemical method Air v-Fe, 03 to «-Fe, O3
3 Bora et al'® Wet, soft chemical method Air v-Fe, 03 to «-Fe, O3
4 Present work Ash supported Air/vacuum vy-Fey0j3 to x-Fe;O3

3.7 emu g~!, which is higher than the reported bulk value.
This may be because of higher canting angle for NPs than
reported 5° canting angle for bulk «-Fe,O3;. We found that
even higher applied magnetic field the magnetization has not
saturated specially for the mixed phase (as-prepared) sam-
ple. This clearly shows that the maximum magnetization of
mixed phase (x-Fe, O3 and y-Fe,03) is much higher than the
single phase (x-Fe,03). Hence we conclude that the minor
phase in our sample is y-Fe,O3, which is ferromagnetic.

4. Discussion

Phase transformation studies in iron oxide NPs have been
reported earlier as a function of annealing temperature!” have
investigated sonochemically prepared Fe, O3 NPs. They find
that annealing in vacuum at temperatures between 240 and
450°C produces y-Fe, O3, with average particle size between
4 and 14 mm. On further annealing of y-Fe,O3 in air gives
a-Fe, O3 phase. Chernyshova et al* studied size-dependent
structural transformations using FTIR, Raman spectroscopy,
XRD and TEM. They have found that the phase transforma-
tion o-Fe, O3 to y-Fe,O3 depends upon size. They have dis-
cussed their results by considering a general model taking
into account spinel defect and absorbed species (hydroxyles
in their case). The critical size of NPs at which phase trans-
formation takes place depends upon the environment (dry
or hydroxyle). Bora et al'® have also studied Fe,O3 sam-
ples synthesized by the wet chemical method. Using XRD,
XANES and TEM techniques on the samples annealed up
to 900°C in the air, they showed that at lower annealing
temperatures the sample comprises of maghemite (y-Fe,O3)
and haematite (x-Fe,O3) phases and with increasing anneal-
ing temperature, y-Fe,O3 transforms into «-Fe,O3 (above
350°C). TEM investigation showed prismatic morphology of
the particles having stacking faults.

We observed that, as-prepared sample contains mixed
phases of «-Fe, O3 (as a major phase) and y-Fe, O3 or Fe;Oy4
(as a minor phase). On annealing in air the minor phase
transforms to a major phase for annealing beyond 440°C.
Table 2 summarizes phase transformation in iron oxide NPs
studied by Chernyshova et al,”* Xu et al,'” Bora et al'® and
the present work. From these data one can say that although
in most of the cases final phase at temperatures >450°C is
«-Fe,03, the sequence of phase transformation is different.
In all the cases the method of preparation is also different.
XANES measurements have been used to confirm that the
minor phase is y-Fe, 3. These results are in agreement with

Bora et al'® and Xu et al'’. VSM studies show that maxi-
mum magnetization (My,,) for x-Fe,O3 NPs is higher than
its bulk value reported in the literature.?’-?® This may be
because of the higher canting angle for NPs.

5. Conclusions

Iron oxide NPs have been synthesized by the simple, envi-
ronmental friendly and cost effective ash-supported tech-
nique. Structural analysis using SXRD and electron diffrac-
tion techniques show that as-prepared sample consists of
mixed phase of «-Fe,O3 (major phase) and a minor phase
consisting of either y-Fe, O3 or Fe;O4 phase. On annealing,
the minor phase gradually transforms to the major phase.
The phase transformation is nearly complete for annealing
at ~440°C. The result was corroborated by DSC scan and
the exact phase transformation was found to be 442°C; in
agreement with the XRD results.

From spectroscopic analysis using XANES, we con-
firm that the minor phase is y-Fe,O3, for the first time.
Williamson—Hall analysis of XRD data shows the particle
size first decreases and then increases with the increase in
annealing temperature. The minimum size being ~40 nm,
which is also the critical particle size for size-induced phase
transformation. The sizes of nanoparticles were also con-
firmed by the TEM images and found to be in reasonably
good agreement, with XRD results. Microstrain obtained
by W-H analysis shows that the strain is about five times
larger in mixed phase than in single-phase NPs. Magnetic
measurements revealed that the maximum magnetization for
nanophase «-Fe;O3 is higher than that reported for bulk.
Also the presence of ferromagnetic y-Fe,O3 phase in the
mixed phase sample increases the magnetization value, as
expected. Since the phase transformation temperature is
~440°C, the magnetic phase is clearly y-Fe,O3; and not
FG304.
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