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Abstract

Nanoparticles of 10 mol% Fe, O3 doped in silica glass (Fel0) samples prepared by a sol—gel
method followed by calcination at various temperatures in the range 700—1000 °C are studied
by x-ray, transmission electron microscopy and magnetic methods, including electron
paramagnetic resonance (EPR). X-ray studies reveal the presence of both y-Fe,O3 and a-Fe, 03
nanocrystals in varying proportion, the latter being more abundant in samples subject to
calcination at higher temperature. Nanocrystals have mean sizes in the range 10—40 nm and are
larger in the samples calcined at higher temperatures. The relatively narrow EPR line having its
origin in superparamagnetism is observed at room temperature and is transformed to an
asymmetrically broad ferromagnetic resonance signal at 77 K. Mossbauer spectra of the 700 °C
calcined sample at room temperature show two doublet structures due to y-Fe, O3 and «-Fe, O3
nanoparticles signifying their superparamagnetic character, whereas those of samples calcined
at higher temperatures (<1000 °C) display two sextets indicating that the nanoparticles are
magnetically ordered. At higher calcination temperatures (=900 °C) the hyperfine lines become
asymmetrically broadened and the average hyperfine field diminishes in a way typical for
interacting magnetic nanoparticles. Zero-field-cooled magnetization and hysteresis studies of
Fel0 samples calcined at higher temperatures (=800 °C) in the temperature range 5-300 K
reveal unusual ferromagnetic behaviour with substantial magnetization and large coercivities at
low temperature (5 K). The presence of a high irreversibility field and shifted hysteresis loop in
the Fel0 sample calcined at 1000 °C at 5 K has been verified from field-cooled magnetization
versus the magnetic field curve. Only «-Fe, O3 nanoparticles generated in the Fe,03:Si0,
sample calcined at 1000 °C exhibit a Morin transition like bulk «-Fe, O3 crystals but at a much
lower temperature ~100 K. Spin—flop like transitions have been observed for the first time at
temperatures above the Morin temperature, possibly induced by an external dc magnetic field of
appropriate magnitude in conjunction with inter-nanoparticle exchange.

(Some figures in this article are in colour only in the electronic version)

1. Introduction of experimental techniques such as magnetic measurements

[3-18], Mossbauer spectroscopy [5-11, 16, 18-25], electron
In recent times magnetic nanoparticles (NPs) have been the paramagnetic resonance (EPR) [14, 26-29] and neutron
subject of intense scientific and technological research [1, 2].  diffraction [30]. It is revealed that the magnetic properties of
Iron oxide NPs have been extensively studied by a number NPs are extremely sensitive to interparticle interactions.
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Of six known crystalline phases of iron oxides, y-
Fe,O3 (maghemite) and «-Fe, O3 (haematite) have been most
extensively studied. Magnetic properties of synthesized y-
Fe,O3 NPs by a sol-gel method with 16.9 and 28.5 wt%
Fe concentrations in the amorphous silica matrix were
studied [9] by static and dynamic susceptibility and hysteresis
measurements and Mossbauer spectroscopy. In Fe, O3 NPs
having mean particle sizes in the range 4-50 nm prepared [6]
by the pulsed wire evaporation method, the amounts of y-
Fe,O3 and a-Fe, O3 NPs in the sample were estimated by x-
ray diffraction (XRD) to be about 70% and 30%, respectively.
From magnetic measurements the coercivity (53 Oe) and the
saturation magnetization (14 emu g~!) were determined to be
about 20% of those of the bulk y-Fe,Os. EPR and field-cooled
(FC) magnetization studies [29] on y-Fe, O3 NPs (~2.5 nm)
embedded in a polyethylene matrix have revealed anomalies
near 40 K (7r) which have been related to the spin glass (SG)
freezing in the NP surface layer. The broadening of the EPR
line near 25 K has been ascribed to the increase of the exchange
anisotropy field in the SG state.

Besides y-Fe,Os; NPs, there has been growing interest
in «-Fe,O3 NP systems. The magnetic properties of -
Fe, 03 have interested researchers for many years, particularly
after Morin [31] reported a phase transition from a weakly
ferromagnetic (WFM) to an antiferromagnetic (AFM) state
on cooling below the Morin temperature (T = 260 K). A
neutron diffraction study by Shull er al [32] showed that «-
Fe,03 is, in essence, an AFM below its Néel temperature
Tn ~ 960 K, and that the WFM — AFM transition, that
Morin had observed, was in fact a temperature-driven spin—
flop (SF). Below Ty, the material behaves as a uniaxial AFM
with spins oriented along the trigonal [111] axis (¢ axis), whilst
above it the spins lie in the basal plane (perpendicular to [111]
axis) except for a slight spin canting (~1 min of arc) out of the
plane [32, 33] which give rise to small net weak ferromagnetic
moment. In the AFM state SF transitions were subsequently
observed by several investigators [34-36]. Recent research
has shown that nanocrystalline «-Fe, O3, in general, has three
critical temperatures: the Néel temperature (7y), the blocking
temperature (7g) and the Morin temperature (7y;). Between
Ts and Ty (Ts < 1n), the intraparticle atomic moments
lock together cooperatively and order antiferromagnetically
under the influence of exchange interaction and the system
responds reversibly or superparamagnetically to changes in
the applied field within the timescale of the measurement for
the disordered individual NP moments. In DC magnetization
(zero-field-cooled; ZFC) measurements, there is always a
maximum at 7g. «-Fe;O3 NPs may also go through the
Morin transition at a lower temperature (usually, Ty < Tp),
above which the spins lie in one of the vertical planes of
symmetry, and a weak ferromagnetism appears due to a slight
angle between the spins of the two magnetic sublattices and,
at temperatures below the Ty, two magnetic sublattices are
oriented along the rhombohedral [111] axis and are exactly
antiparallel. It is well known that Ty is sensitive to the
sizes of the structural domains in «-Fe,O3;. For example,
Ty is less than 4 K for spherical/acicular «-Fe;O; NPs
having diameters in the range 8-20 nm [12, 20, 24, 37-39].

Strains, crystal defects (e.g. low crystallinity of the NPs,
vacancies), stoichiometric deviations and surface effects have
been indicated as the causes of the reduction of Ty [40].

It is evident from the above that a substantial number of
magnetic data on both - and y-phases of Fe, O3 NP systems
have accumulated. However, it appears that there is still some
dearth of magnetic data on Fe;O3; NPs embedded in some
diamagnetic material, particularly in a silica matrix. Under
the circumstances it was thought worthwhile to undertake
magnetic investigations on Fe,O3 NPs doped in silica glass
to throw more light on the nature of magnetism of the said
iron oxide NPs. With this end in view, Fe,O3; NPs doped
in SiO; gel-glass with 10.0 mol% dopant concentration were
prepared and subjected to calcination at various temperatures.
Generation of Fe,Os NPs of different sizes depending on
calcination temperature took place. XRD reveals that y-
Fe,O3; NPs are predominant in the samples calcined at lower
temperatures, while @-Fe,O3 NPs are more abundant in the
samples calcined at higher temperatures. In the present
communication, the results of a systematic study of the
magnetic properties of Fe;O3 NPs principally by means of
static FC and ZFC magnetic and EPR experiments have
been reported. In addition, ZFC and FC magnetic hysteresis
and Mdssbauer (at room temperature) measurements are also
performed to give a consolidated picture of the magnetism of
iron oxide NPs.

2. Experimental details

Iron oxide doped silica gel is prepared from tetraethylorthosili-
cate (TEOS) and dopant iron sulfate having 10.0 mol% dopant
concentration (henceforth referred to as Fel0), essentially fol-
lowing the method of Sakka and Kamiya [41]. The molar ra-
tio of water and TEOS is kept at 20 while that of TEOS and
catalyst HCI is 100. Dry ethanol is used as the solvent. The
solution, poured into a Pyrex beaker and covered with poly-
thene sheet, is kept in the atmosphere for 7-8 days to form stiff
monolithic gel. The monolithic gel is then allowed to dry fur-
ther at room temperature for 4-5 weeks. Dried gels are then
transferred to a programmable electric furnace. Heat treat-
ments of these samples are then performed in air at several
pre-selected temperatures up to 1000 °C, in accordance with
the following schedule [42]:

RT 222250°C (4 h) 222 310°C (4 h) 223 440°C (16 h)

228 500°C (4 h) 222 600°C (4 h) 222 700°C (4 h)

222'800°C (4 h) 223 900°C (4 h) 223 1000°C (4 h).

The gel-glasses are removed from the furnace at pre-
selected temperatures and are stored inside an oven maintained
at 130°C.

EPR spectra of FelO samples calcined at 700, 800,
900 and 1000°C are recorded in a Varian X-band EPR
spectrometer (model E-109) with 100 kHz magnetic field
modulation at room temperature (RT) and liquid nitrogen
temperature (LNT). Powder XRD of FelO glass specimens
are recorded using a Seifert diffractometer (model XRD3000)
with Cu Ko radiation as the source. An ultrahigh resolution
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JEOL JEM-2010 analytical transmission electron microscope
(TEM) is employed to record TEM of FelO samples calcined
at 700 and 1000°C. Samples for TEM investigation are
prepared by putting a drop of ethanolic dispersion of fine
powder of Fel0 samples onto an amorphous carbon substrate
supported on a copper grid. The magnetization and magnetic
hysteresis measurements are performed on a Cryogenics
S600 superconducting quantum interference device (rf-SQUID
magnetometer) with temperatures varying from 5 to 300 K with
41.0 K thermal stability and equipped with a superconducting
magnet producing fields up to £6 T. To carry out these
measurements, the sample in the powder form is packed in a
pocket made from PTFE tape and fixed to a length of copper
wire. Masses of the samples are chosen in the range of 8—
12 mg for obtaining a good signal-to-noise ratio. Fel10 samples
calcined at 700, 800, 900 and 1000°C are first cooled in
zero magnetic field down to 5 K and then magnetizations
are recorded by increasing the temperature in an applied
magnetic field of 200 Oe (ZFC measurements). FC curves are
recorded by cooling the samples again in presence of the same
field. To obtain the field dependence of the magnetization,
i.e. the hysteresis loop, Fel0 samples are cooled to a specific
temperature and then the sample’s magnetic moment, as a
function of the magnetic field with a field stabilization time
of 90 s, is recorded in the magnetic field range of £6 T.
FelO samples are studied at room temperature and 100 K
by ¥’Fe Mssbauer spectroscopy using a constant-acceleration
spectrometer with source of ’Co in rhodium. The spectra
are obtained using a temperature-controlled liquid nitrogen
cryostat. The spectrometer is calibrated with a 12.5 pum thick
a-Fe foil at room temperature.

3. Results and discussions

3.1. XRD spectra and TEM

XRD patterns of FelO samples calcined at 700, 800, 900
and 1000°C, recorded at a scanning rate of 0.02° s~! in
the 20 range from 25° to 40°, have clearly exhibited most
intense characteristic lines corresponding to «-Fe, O3 at 20 =
33.113° (104) (JCPDF no. 240072) of unit cell parameters
a=5.038A,c=13.77 A(S.G.: R3 (148)) and corresponding
to y-Fe, O3 at 20 = 35.399° (311) of unit cell parameters a =
8.351 A (S.G.: P4,32(213)) (JCPDF No. 391 346) (figure 1).

XRD lines due to a-Fe,Os and y-Fe,O; crystals have
significant line broadening, indicating that the crystal sizes
are most likely in the nanometre range. Most prominent
(104) and (311) lines observed in the 260 range 25°-40° arise
respectively due to a-Fe, O3 and y-Fe, O3 crystals. Applying
the well-known Scherrer equation, sizes of Fe,O3 crystals are
estimated from the integral breadths of the lines. Itis confirmed
that the sizes of «-Fe,O; and y-Fe,Oj3 crystals embedded
in the silica glass matrix indeed lie in the nanometre range
(10-40 nm) and are larger at higher calcination temperatures.
It is observed that at higher calcined temperature the o-
Fe,O; line becomes more intense while the y-Fe,Os line
weakens. However, the conversion of y-Fe, O3 NPs to «-Fe, O3
NPs is not complete at the highest calcination temperature,

7 (104)
(@)

& (311)

Arbitrary Unit

o: oc-FeQO3
& vFe O,

1 n 1 n 1 n 1 n 1 n 1 n 1 n
26 28 30 32 34 36 38 40
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Figure 1. X-ray diffraction patterns of Fel0 samples calcined at
(a) 700°C, (b) 800°C, (c) 900°C and (d) 1000 °C.

i.e. 1000°C, employed in our investigation. This is in sharp
contrast with the findings in the case of bare Fe, O3 NPs, i.e. not
embedded in any diamagnetic matrix like silica [43]. Here
y-Fe;, 03 NPs transform irreversibly to «-Fe,Os on heating
above 700 K. There is also a possibility that Fe;O4 (magnetite)
nanoparticles may be present. Its most prominent line is (311)
which is coincident with that due to the y-Fe,O3 particles.
The next most prominent line (220) belonging to magnetite
nanocrystals, however, cannot be traced in the XRD spectrum.
TEM images of powder specimens of FelO samples
calcined at 700 and 1000°C, respectively (figures 2(a)
and 3(a)), show elongated NPs (due to y-Fe,03) as well as
nearly spherical NPs (due to «-Fe,O3) [43]. Spherical o-
Fe, O3 NPs are more in abundance in 1000 °C calcined Fe, O3
nanocrystals. High resolution TEM (HRTEM) images shown
in figures 2(b) and 3(b) reveal the highly crystalline nature of
a-Fe; 03 and y-Fe, O3 NPs. The corresponding fast-Fourier
transforms of TEM images are shown in figures 2(c) and 3(c).
The sizes of Fe;O3 NPs measured from TEM images are in fair
agreement with those obtained from XRD data (table 1).

3.2. EPR spectra

RT EPR spectra of Fel0 samples (figure 4(a)) have shown the
presence of a broad weak signal at g ~ 4.3 besides a narrow
signal at g ~ 2.0. The signal at g ~ 4.3 may be assigned to
isolated Fe** ions situated at a highly distorted low-symmetry
site [44]. Its intensity becomes progressively less for samples
calcined at higher temperatures. This may be due to the
migration of these Fe3* ions to some sites to form/add to Fe, O
clusters/NPs at higher temperatures. The sharp EPR signal at
g ~ 2.0 may be assigned to superparamagnetic single-domain
Fe,O; nanocrystals grown in the diamagnetic silica glass
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Figure 2. (a) High-magnification TEM images of Fe,O; nanoparticles calcined at 700 °C. (b) The HRTEM image and (c) the corresponding
fast-Fourier transform of the TEM images.

Unit on NANO Sc & Tech, IACS

Figure 3. (a) High-magnification TEM images of Fe,O; nanoparticles calcined at 1000 °C. (b) The HRTEM image and (c) the corresponding
fast-Fourier transform of the TEM images.

Table 1. Particle size from XRD, TEM and EPR derivative linewidths (A Hy,;,) of Fel0 samples calcined at various temperatures at RT and
LNT.

Particle size from Particle size from
Calcination powder XRD (nm) powder TEM (nm) AH,, (Oe)
temperature
“°C) o-Fe,0;  y-Fe,O3  «-Fe,O3  y-Fe,O; RT LNT
700 11 10 14 12 260 740
800 17 15 — — 280 860
900 22 20 — — 210 1000
1000 40 35 45 37 190 1120

matrix calcined at various temperatures [27]. It is significant from 280 to 190 Oe. In this context it is relevant to mention
to note that an increase in the calcination temperature from here the important findings of Raman spectroscopic and other
800 to 1000 °C results in a considerable decrease in linewidth ~ studies (including measurements of pore size, density and
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Figure 4. EPR spectra of Fel0 samples recorded at (a) room
temperature (RT) and (b) liquid nitrogen temperature (LNT).

specific surface area) [42] on the densification of undoped SiO,
gel as a function of heat treatment between 120 and 900 °C,
i.e. the average pore size increases with increasing calcination
temperature and a sudden increase in pore size occurs in
the temperature region 700-800°C (the average pore size
increases from 1.0 nm at 700 °C to 2.3 nm at 800 °C), while
the specific surface area decreases from 550 to 160 m?> g~!
and the pore volume/g decreases from 0.19 to 0.12 cm® g~!.
It is likely that single Fe(IIl) ions occupy the smallest pores
and are responsible for the broad weak EPR signal observed at
g ~ 4.3. Small pores collapse at higher temperatures, because
of their higher surface energy. The surface energy is also
influenced by the hydroxyl coverage of the gel and is higher for
a silioxane surface than for a hydroxyl surface. With increasing
temperature =Si—OH groups condense to =Si—O-Si= bonds,
thus increasing the surface energy and enhancing pore collapse.
Thus at 800 °C a significant number of small pores collapse
and individual Fe ions, set free after the collapse of the small
pores, agglomerate to form NPs. The rest of the pores join
to form larger pores. At a still higher temperature, namely
900°C, collapse of larger pores also takes place, similar to
what has been observed in an undoped silica sample indicated
by a rapid fall of pore volume/g from 0.12 to 0.026 cm® g~
in going from 800 to 900°C [42]. A Raman spectral study
has also revealed that at 900 °C the surface Si—~OH groups have
completely disappeared, condensing to =Si—O-Si= bonds and
thereby increasing the surface energy and leading to almost

complete annihilation of pores. Thus it is possible that at the
highest temperature employed in the present case, i.e. 1000 °C,
Fe,O3 NPs grow to bigger sizes and become closer to each
other due to solidification of the gel as a result of the near
annihilation of pores. This results in a considerable increase in
the inter-nanoparticle exchange interaction, leading to further
narrowing of the signal.

LNT spectra (figure 4(b)) reveal profound changes in
the lineshapes and the linewidths of the spectra as compared
to those recorded at RT. The derivative linewidths AH,,
obtained at RT and LNT are shown in table 1. It is clearly
seen that at LNT, the spectra of all samples become very
much broadened and asymmetric and their centres appear
to shift to lower magnetic fields. The broadening and
shift to lower magnetic fields of the EPR spectra with the
decrease of temperature are typical of superparamagnetic
NPs [16, 27, 28]. Traditionally [45], narrow (at RT) and broad
(at LNT) EPR signals in magnetic NP systems are attributed
to superparamagnetic and FM resonances, respectively. In the
case of NPs having axial magnetic anisotropy, the following
relation for the resonance field was derived by Koksharov et al
[28]:

Hy = % —a(|K|/M)(1 —2/x) + ANL(x)

where, x = VHIs/kT, considering all NPs to have the
same intrinsic moment /g, the same volume V and the same
anisotropy constant K. The applied field H must be strong
enough to cause the relation HIs > |K| to be true. L(x)
is the Langevin function. The anisotropy field (Hp) is
expressed as Hy = |K|/M (M is the sample magnetization).
The demagnetization field (Hs) depends on the shape of the
sample and is expressed as Hs = —ANM. AN is called
the anisotropy form factor and is a function of the sample
dimensions. At high temperatures (x < 1), the anisotropy
and demagnetization fields for NP system tend to zero. In
this case a narrow EPR signal is observed at Hg ~ 2. This
is the so-called superparamagnetic resonance [45]. At low
temperature, Hy and Hg tend to have their bulk values and
broad signal of the FM resonance should be obtained. This is
what is observed in the FelO sample calcined at the highest
temperature 1000 °C of our experiment. In this case A Hp, has
shown about a six times increase in going from RT to LNT.
We could not, however, detect resolved magnetic resonance
signals due to «-Fe, O3 and y-Fe,O3 nanocrystals which, as
per the XRD findings, are present in silica glass in comparable
proportions.

3.3. Mossbauer spectroscopy

>TFe Mossbauer spectra of samples calcined at temperatures
of 800, 900 and 1000°C are recorded at RT (figures 5(a)—
(c)), while those of the FelO sample calcined at 700 °C are
recorded at RT as well as at 100 K (figures 6(a) and (b)). Unlike
EPR, Mossbauer measurements have revealed resolved spectra
due to - and y-Fe,O3 nanocrystals. Spectra are simulated
by peaks with Lorentzian shape, using a least square fitting
method with 5% uncertainty in the estimation of Mdossbauer
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Figure 5. Mossbauer spectra of Fe10 samples calcined at (a) 800 °C,
(b) 900 °C and (c) 1000 °C recorded at RT.

parameters. The fitted MOssbauer parameters, i.e. magnetic
hyperfine field (Hys), electric quadrupole splitting (A Eg),
quadrupole shift (¢), isomer shift (§) and relative fractions
of y-Fe,O3 and a-Fe;O3; NPs, are shown in table 2. The
values of quadrupole splitting and isomer shift are typical of
Fe* ions of Fe,O3 NPs [46]. The transformation, which
occurs as a result of calcination at various temperatures, is
the evolution of doublets into magnetically split hyperfine (hf)
sextets through a series of complicated spectra composed of
doublets and sextets. The doublet represents the fraction of
small sized NPs in which long-range magnetic ordering is
absent. The Fel0 sample calcined at 700 °C shows two doublet

n
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Figure 6. Mossbauer spectra of Fe10 samples calcined at 700 °C
recorded at (a) RT and (b) 100 K.

structures at RT (figure 6(a)) and two hf sextet spectra at 100 K
(figure 6(b)) having a slight asymmetry in the linewidth as
well as in the intensity. Two symmetrical quadrupolar doublets
obtained at RT are thus transformed into two hf sextets at
100 K, signifying the transformation of superparamagnetic
states of «- and y-Fe,O3; NPs into ferromagnetically (FM)
ordered states at low temperature. The RT spectrum of the
Fe10 sample calcined at 800 °C reveals, instead of two doublets
as found in the case of 700°C calcined sample, one doublet
and one hf sextet superimposed on one another. This implies
that both superparamagnetic and ferromagnetically ordered
components are present in the sample at RT. Analysis of the
sextet indicates a distribution of magnetic Hpes due to the
particle size distribution. Simulation of the RT spectrum of
the FelO sample calcined at 900 °C reveals additionally the
existence of a sextet over and above a doublet and a sextet
structure. This signifies the creation of another magnetically
ordered component in the sample on calcination at 900 °C.
The intensity of the sextet is more in FelO samples calcined
at higher temperatures, indicating that larger sized Fe,O; NPs
are magnetically ordered even at room temperature. The fitted
Mossbauer parameters are consistent with those reported for
y-Fe, 05 and «-Fe, O3 bulk crystals [46, 47]. From analysis of
the spectrum of Fel0 sample calcined at 1000 °C, the presence
of two hf sextets corresponding to two kinds of magnetically
ordered states of Fe;O; NPs has been confirmed. A weak
superparamagnetic doublet has also been identified.
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Table 2. Mossbauer parameters—quadrupole splitting (A Eq), isomer shift (§), magnetic hyperfine field (Hy¢), quadrupole shift (¢) and
relative fraction—for «-Fe,0O5 and y-Fe,O; nanocrystals as obtained from fitting of the Mdssbauer spectra of Fel0 samples calcined at

various temperatures up to 1000 °C recorded at room temperature.

Relative
Calcination AEq 3 Hi ) fraction
Fe site temperature (°C) (mm s (mms™H)  (T) (mms™Y (%)
a-Fe, 03 700 0.840 — — 0.18 54
700* — —0.084 58.5 0.50 54
800 — —0.080 52.9 0.36 60
900 — —0.075 51.4 0.25 60
1000 — —0.070 50.7 0.32 70
y-Fe, 03 700 0.830 — — 0.16 46
700* — 0.04 48.2 0.32 46
800 0.64 — — 0.15 40
900 0.63 — — 0.19 15
— —0.02 45.3 0.20 25
1000 0.60 — — 0.20 5
— 0.00 44.7 0.29 25

* Spectra recorded at 100 K.

From table 2 it is seen that both y-Fe, O3 and «-Fe, O3 NPs
are present in nearly equal proportion (23:27) in the 700°C
calcined sample. But in FelO samples calcined at higher
temperatures gradual conversion of y-Fe, O3 NPs to «-Fe,O3
NPs is observed. In FelO samples calcined at 1000 °C, the
relative population of y-Fe,O3 and «a-Fe,O3 NPs is 25:70.
Further, it is significant to note that, at RT, while o-Fe, O3 NPs
contained in the 800, 900 and 1000 °C calcined FelO samples
are magnetically ordered, y-Fe,Os; NPs are found to be in
the magnetically ordered state only in the 900 and 1000°C
calcined Fel0 samples.

In case of non-interacting magnetic NPs, the hf sextet
observed at low temperature (100 K) becomes a doublet at
room temperature (293 K) because of fast superparamagnetic
relaxation [23]. This is true for a-Fe,O3 and y-Fe,O3 NPs
present in the 700 °C calcined sample. RT Mossbauer spectra
of samples calcined at higher temperatures (800, 900 and
1000°C) reveal hf sextets due to a-Fe,O; NPs. It is also
noticed that with increasing calcination temperature the hf lines
become asymmetrically broadened and the average hyperfine
field diminishes in a way typical for interacting magnetic
NPs [18, 22, 25] (table 2). This is expected, because in samples
calcined at higher temperatures (particularly at 1000 °C) NPs
are larger and more closely spaced because of collapse of pores
and become exchanged coupled. This means that, for near
agglomerated NPs, superparamagnetic relaxation is suppressed
and the doublet is transformed into a hf sextet conforming
to an ordered state in which the exchange interaction energy
is predominant compared to the anisotropy energy. The line
broadening of the sextets in these spectra may be accounted
for on the basis of varying exchange interactions present
in the samples. The sublattice magnetization direction in
the assembly of AFM «-Fe,O3; NPs may be influenced by
interparticle exchange interaction. This may lead to a rotation
of the sublattice magnetization from the direction defined by
the magnetic anisotropy [48]. The quadrupole shift (¢) is
given by the relation ¢ = %(3 cos?6 — 1) AEq, where AEq
is the quadrupole splitting and 6 is the angle between the
sublattice magnetization direction and the [001] axis. The

computed values of ¢ and of 6 for «-Fe,O; NPs calcined at
800, 900 and 1000 °C are shown in table 2. These are —0.080,
—0.075 and —0.070 and 75°, 73° and 71°, respectively.
Thus, for interacting «-Fe,O3 NPs, deviation of the & values
from —0.100 mm s~! suggests an out-of-plane rotation of the
sublattice magnetization.

The hf parameters obtained for y-Fe,Os; NPs are also
listed in table 2. It is noted that the intensity of the sextet with
respect to that of the doublet is more in the samples calcined
at higher temperatures, indicating that a greater number of y-
Fe,O3 NPs become magnetically ordered at higher calcination
temperatures. The hf magnetic fields are found to have lower
values in y-Fe, O3 NPs (48.2-44.7 T) compared to these in the
bulk crystal. This has been ascribed to the effect of collective
magnetic interaction [49].

3.4. Magnetization

34.1. FC and ZFC mass magnetization. ~FC and ZFC
magnetizations of FelO samples calcined at 700, 800 and
900 °C are measured in the presence of 200 Oe dc magnetic
field as a function of temperature in the temperature range
5-300 K. ZFC and FC curves (figure 7) show divergent
behaviours at low temperatures. The FC curve of the FelO
sample calcined at 700 °C shows a monotonic increase with
decreasing temperature down to the lowest temperature of 5 K
(the rate of increase is more at low temperatures). The ZFC
curve at first slowly increases with lowering of the temperature
following the same path as that of the FC curve, then starts
deviating from the latter curve at ~200 K, subsequently
exhibits a broad peak at ~65 K (identified as the blocking
temperature 7p; pertaining to «-Fe; O3 NPs [16]) and another
at 16 K (assigned as the blocking temperature T, due to
y-Fe, O3 NPs [9]) and then decreases down to 5 K. Such
behaviour is akin to superparamagnetism [50, 51]. Thermal
behaviours of ZFC and FC curves of FelO samples calcined
at 800 and 900 °C are also quite similar. Two maxima in the
ZFC mass magnetization curves are detected at increasingly
higher temperatures (table 3a). The higher 7y values indicate
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Table 3a. Temperatures corresponding to the maxima in the ZFC curves (7Tg;, Tp,), remanent magnetization (M,), coercive field (H,), ratio of
remanent magnetization and magnetization measured at 6 T (M,/Moer) for the Fel0 samples calcined at 700, 800 and 900 °C, evaluated from
static mass magnetization and hysteresis measurements at different temperatures.

Tz (K) M, (Am*>kg™") H. (T) M,/ Mer
Fel0 sample
calcined at Tg1 (@-Fe,03)  Tpy (y-Fe,0O3) 300K 5K 300K 5K 300K 5K
700°C 65 16 0 0.009 0 0.125 0 0.19
800°C 106 21 0.002 0.012 0.037 0.135 0.07 0.22
900°C 110 25 0.003 0.021 0.062 0.237 0.09 0.29

Table 3b. Blocking temperatures (75, and Tp;) corresponding to the maxima in the ZFC curves for - and y -Fe,O5 nanoparticles, remanent
magnetizations (M,), coercive fields (H.) and spin—flop fields (Hy) at different temperatures for Fe10 samples calcined at 1000 °C, evaluated

from static mass magnetization and hysteresis measurements under ZFC and FC conditions. (Values within parentheses are under FC

conditions.)

ZFC magnetization

a-Fe,03  y-Fe,05 Hysteresis Spin—flop field (Hy)
Field Ty Tw2 T H. M, ZFC hysteresis
(T) (K) (XK) X)) (Am’kg™h) (D)
0.2 155 — 300 1.875(1.869) 0.065 (0.067) 2.084 (—)
1.0 152 — 140  0.616 (0.554) 0.077 (0.076)  0.536 (0.780)
3.0 143 30 5 0.807 (0.827) 0.063 (0.067) 1.405 (1.328)

that the NPs have larger average energy barriers. Since
the energy barrier is proportional to the volume, the larger
T values signify that larger sized NPs are generated in the
samples treated at higher calcination temperatures. This is
consistent with XRD and TEM results. But there is no trace
of a Morin transition in these samples in the temperature
range 5-300 K (figures 7(a)-(c)). The nature of ZFC and
FC versus temperature curves of FelO samples calcined at
1000 °C, however, is quite different (figure 8(a)). FC and ZFC
curves with 200 Oe applied field are at first coincident (starting
from RT) and show increase with decreasing temperature down
to 160 K followed by a decrement down to 120 K. A broad peak
is observed at ~155 K which may be assigned as the blocking
temperature 7p;, revealing the superparamagnetic character of
a-Fe; O3 NPs of sizes in the vicinity of 40 nm (see table 1).
The two curves then undergo a steep fall starting from ~120 K
down to ~90 K, displaying the characteristic Morin transition
as in the case of bulk «-Fe, O3 crystals but with much depressed
transition temperature Ty; about 100 K. (For bulk crystal Ty
is ~260 K.) This is more elegantly demonstrated from the
do/dT versus T curve (inset of figure 8(a)). A sharp peak
is observed at ~103 K which is identified as 7. Below the
Morin transition the ZFC and FC curves follow different paths.
While the ZFC curve shows a slow monotonic decrement down
to 5 K, the FC curve has a slow continuous rise from 50 to 5 K.
However, in presence of higher magnetic fields of 1 and 3 T
the Morin transition is weakened to the extent of being wiped
out (figures 8(b) and (c)). Thus it appears that an applied dc
magnetic field of adequate magnitude could effect suppression
of the Morin transition. A small maximum is observed at
~30 K in the ZFC magnetization curve obtained under a 3 T
dc field which may be labelled as the blocking temperature 73,
belonging to y-Fe, O3 NPs (table 3b).

As regards the evidence for the presence of magnetite
nanocrystals it is relevant to examine here the detailed

magnetic studies of Goya et al [52] on Fe;O4 NPs with average
particle sizes ranging from 5 to 150 nm. Bulk-like properties
such as the Verwey transition (7, = 98 K) have been observed
in 150 nm particles. For decreasing particle size, the Verwey
temperature 7, shifts towards lower temperature. The sample
containing 50 nm particles shows a kink at ~20 K in the ZFC
curve probably related to the Verwey transition. However,
the Verwey transition remains unobserved for particles having
sizes of less than 50 nm. Since the particles in our samples have
sizes of less than 50 nm, the presence of Fe;O4 nanoparticles
could not be ascertained from ZFC curves obtained by us in
terms of the Verwey transition.

3.4.2.  Magnetic hysteresis.  DC magnetization versus
magnetic field curves for the FelO samples calcined at 700,
800 and 900 °C are plotted at two temperatures 300 and 5 K
in the dc magnetic field range £6 T (figures 9(a)—(c)). The
values of coercive field (H.) and remanent magnetization (M;)
evaluated from hysteresis loops are shown in table 3a. It is
significant to note that Fe;O3 NPs of FelO sample calcined
at 700 °C do not display any hysteresis loop at 300 K. This
may be due to the fact that the 700 °C calcined FelO sample
is in the superparamagnetic state at 300 K. However, at 5 K,
a hysteresis loop is obtained and the coercive field is found
to have a non-zero value (H. = 0.125 T). This means that at
5 K the NPs are in a magnetically ordered state. On the other
hand, FelO samples calcined at higher temperatures, i.e. 800
and 900 °C, display magnetic hysteresis loops even at 300 K,
indicating that Fe,O3 NPs embedded in silica matrices are
magnetically ordered. These results are in agreement with
our RT Mossbauer findings. However, it is to be noted that
hysteresis loops due to «- and y-Fe,O3 NPs could not be
distinguished. At 300 K, as well as at 5 K, the coercive
fields associated with Fe;O3 NPs are found to be greater for
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Figure 7. ZFC (O) and FC (®) mass magnetization versus
temperature curves for Fe10 samples calcined at (a) 700 °C,
(b) 800 °C and (c) 900 °C (applied DC magnetic field 200 Oe).

Fel0 samples calcined at higher temperatures. The ratio of
remanent magnetization and magnetization measured at 6 T
(M;/Mgr) also shows a similar trend. Magnetizations in
applied magnetic fields up to 6 T on FelO samples calcined at
700, 800 and 900 °C at 300 and 5 K are shown in figure 10.
The magnetization curves first show a linear increase with
the magnetic field, then a downward curvature, followed by
a linear increase at high fields. This suggests that there
are two contributions to the magnetization M [53], which is
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Figure 8. ZFC (O) and FC (®) mass magnetization versus
temperature curves for Fel0 samples calcined at 1000 °C with
applied DC magnetic field (a) 200 Oe, (b) 1 T and (c) 3 T. (Inset:
do/dT versus T'.)

expressed as M = My[coth(x) — 1/x]+ x H, where M, is the
saturation magnetization, x = u,H /kT, ju, being the average
magnetic moment of «-Fe,Os arising from uncompensated
surface spins, and y is the magnetic susceptibility.

ZFC and FC magnetizations as a functions of magnetic
field (up to 6 T) of the FelO sample calcined at 1000°C
are recorded at three different temperatures, namely 300,
140 and 5 K (figure 11). The data are collected from the
hysteresis loops obtained at different temperatures (figure 12)
after cooling the sample from room temperature down to 5 K
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Figure 10. Mass magnetization versus H curves of Fel0 samples
calcined at 700, 800 and 900 °C recorded at 300 and 5 K.

without a magnetic field (ZFC hysteresis) and also cooling
the sample in an applied field of 5 T (FC hysteresis) down
to 5 K, then switching off the field and measuring the field-
dependent magnetization at increasing temperatures (5, 140
and 300 K). A change of curvature, signalling the spin—flop
transition, is observed to occur within the magnetic field range
0-5 T. The spin—flop transition field (Hys) may be conveniently
taken as the field corresponding to the maximum occurring in
do/dH versus H curve (figure 13). Hgy values obtained at
different temperatures for ZFC and FC conditions are shown
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Figure 11. ZFC and FC mass magnetization versus H curves of
Fe10 samples calcined at 1000 °C and recorded at 300, 140 and 5 K.

in table 3b. It is quite exceptional to discover, from the
ZFC hysteresis curve, the presence of a spin—flop transition
at moderately high field (2.084 T) even at 300 K which
is much above 103 K, the Morin temperature determined
for a-Fe;O3 NPs (~40 nm diameter) obtained from FelO
samples calcined at 1000°C. The above measurements have
been repeated several times with fresh samples and the same
result has been obtained in each case, confirming that the
observation is not erroneous. It is possible that at the highest
calcined temperature, i.e. 1000°C, due to solidification of
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Figure 12. ZFC (a) and FC (b) hysteresis loops of Fe10 samples
calcined at 1000 °C and recorded at 300, 140 and 5 K. In the inset,
the region close to the displacement of the loop shift is highlighted.

the gel-glass as a result of annihilation of nearly all pores,
a-Fe; O3 NPs become much closer to one another, leading
to significant interparticle exchange interaction which may
be responsible for the existence of the spin—flop transition
at ambient temperature which is much above the Morin
temperature of bulk «-Fe, O3 (260 K). Further, interparticle
exchange interaction with y-Fe, O3 NPs (present in significant
numbers) may play some role in this regard. It is noted
that the spin—flop transition field Hg at 140 K is smaller
than that at 300 K but it has a higher value at 5 K. It is
interesting to note that the thermal behaviours of coercivity
(H.) and Hg are quite similar (table 3b). It may be relevant to
mention here the theoretical works of Schulthes and Butler [54]
on magnetic properties of FM/AFM bilayers based on a
microscopic Heisenberg model. It is shown that the spin—
flop coupling gives rise to a uniaxial anisotropy which in turn
causes large coercivities and thus Hy and H, might be closely
related. This is in conformity with our present experimental
observations.

The hysteresis loop obtained (figure 12(b)) after field
cooling under 5 T is more irreversible at high field. For
the FelO sample calcined at 1000°C at 5 K, the observed
displacement of the loop (~400 Oe) reveals the presence
of an exchange field H. (in exchange anisotropy [55, 56]
terminology), which arises due to the exchange coupling
between the different core and surface magnetic structures
of antiferromagnetically (uncompensated) ordered and frozen
disordered, respectively. This is observed in other
antiferromagnet NP systems [57]. H. decreases rapidly with
increasing temperature and is negligibly small at 7 = 140 K.
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Figure 13. Field derivative of magnetization of Fel0 samples
calcined at 1000 °C and recorded at 300, 140 and 5 K.

4. Conclusions

The principal findings of the present investigation of sol-gel
derived Fe, O3 NPs in silica matrix are summarized below:

(i) The narrow superparamagnetic resonance line observed in
Fel0:SiO; glass at room temperature is transformed to a
broad highly asymmetric ferromagnetic resonance signal
at low temperature (77 K).

(i) (a) RT Mossbauer measurements of the sample calcined
at 700°C show two doublets due to y-Fe,Os and
a-Fe; O3 NPs demonstrating their superparamagnetic
character, whereas in the case of samples calcined
at 1000 °C two hyperfine sextets have been observed
indicating that both - and y-forms of Fe, O3 NPs are
in a magnetically ordered state at room temperature.

(b) Athigher calcination temperatures the hyperfine lines
become asymmetrically broadened and the average
hyperfine field diminishes in a way typical for
interacting magnetic NPs.

(i) (a) Magnetic measurements, including magnetic hystere-
sis, show unusual ferromagnetic-like behaviour with
substantial magnetization and coercivity values at low
temperature (5 K) for Fe10 samples calcined at higher
temperatures although «-Fe,O; NPs, in comparison
to y-Fe; O3 NPs, are more abundant in Fe; O3 sam-
ples calcined at higher temperatures. The observed
ferromagnetism of a-Fe, O3 NPs (bulk a-Fe, O3 is an-
tiferromagnetic) at low temperature may be ascribed
to the uncompensated surface spins present on the an-
tiferromagnetic core of the «-Fe, O3 NPs.

(b) High coercive fields, high irreversibility fields and
shifted hysteresis loops are some of the features
associated with FelO samples calcined at 1000°C
which possibly arise from the combined effects of the
uniaxial anisotropy, surface anisotropy and exchange
anisotropy.
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(iv)

(c) Both Morin and spin—flop like transitions are only
observed in «a-Fe, O3 NPs present in FelO samples
calcined at 1000°C. Due to the finite size effect,
the values of the Morin temperature and spin—
flop fields are significantly below those observed
in bulk «-Fe,O3 crystals. Observation of the
spin—flop like transition at temperatures above the
Morin temperature is a surprising result.  The
presence of FM/AFM interface exchange in o-
Fe,O3; nanoparticles, along with inter-nanoparticle
exchange including those with y-Fe, O3 nanoparticles
(which are present in significant numbers) may be
responsible for the observation of the spin—flop like
transition in «-Fe,; O3 nanoparticles even at 300 K.

The presence of Fe;O4 nanoparticles in our Fel0 samples

cannot be definitely ascertained from XRD or Mdssbauer

spectra. The characteristic Verway transition due to Fe;O4
nanoparticles cannot be located in the ZFC/FC curves
obtained in the 5-300 K temperature range, presumably
because of their small sizes (less than 50 nm). Under
the circumstances, the presence of a small percentage of
Fe;O4 nanoparticles in our samples cannot be ignored.
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