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Abstract

Sry3Mn; 3Co, sFe,04 ferrite nanoparticles were synthesized by glycol thermal technique. The structure and morphology of the
Nano ferrites were studied by X-ray powder diffraction, Fourier transform infrared FTIR, high-resolution scanning electron
microscopy, and high-resolution transmission electron microscopy. The induced internal strains were investigated by Williamson
plots. The results show mono-dispersive property of the sample and particle sizes that increase with increasing annealing
temperature, 7. The magnetic hyperfine fields were found to be sensitive to 7, as seen from room temperature >'Fe
Maéssbauer measurements. The magnetic hysteresis loops were performed in external magnetic field of up to 50 kOe. Room
temperature M — H loops showed that the coercive fields increased to a maximum at 7 of 500 °C and then decreased thereafter.
Significant increases in coercive fields were observed at a measuring temperature of 4 K. Distortions in the hysteresis loops at4 K
were observed where thermal annealing effect appears to induce strong linear correlation between coercive fields and saturation

magnetizations.

Keywords Glycol-thermal - Annealing temperature - Mossbauer - Spin freezing - Hysteresis loops

1 Introduction

Recently, semiconductor magnetic nanomaterials have re-
ceived much awareness than that of their same bulk ma-
terials, due to their size and surface effects, which exhibit
unique properties such as magneto-optical, electrochemi-
cal, and photo-catalytic activities [1-6]. Cobalt ferrite
with spinel structure has attracted increasing attention
due to its high coercivity, moderate saturation magnetiza-
tion, and high chemical stability [7, 8]. These interesting
properties allow CoFe,0O4 to be used in many applications
such as in magneto-caloric refrigeration [3, 9], gas sensors
[4, 10], ferro-fluid technology [5, 11], medical diagnos-
tics, and magnetic resonance imaging enhancement [6,
12]. CoFe,0,4 has also been reported as the best catalyst
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by Antony et al. [13—-16]. The application of cobalt ferrite
is highly affected by its magnetic behavior. The size and
shape of CoFe,0O4 nanoparticles play significant role in
determining its magnetic properties [17]. This is associat-
ed with the method of sample preparation which can be
solid state reaction or wet chemistry technique. However,
synthesis by chemical methods such as sol gel, hydro-
thermal, and glycol-thermal techniques is preferable to
produce monodispersed nanoparticles. A typical spinel
ferrite has the general formula of AB,O4 where A and B
are the atoms at tetrahedral (A) and octahedral (B) sites,
respectively, and CoFe,O, ferrite is a typical example.
Double substitutions on the A site can produce materials
with new properties that are different from their singularly
substituted spinel derivatives. Of particular interest are
compounds with equal atomic substitutions on A sites.
We are interested in similar types of nanoparticle mate-
rials. Hence, the present work is extended to triple equal
atomic substitutions in order to study the phase formation
and thermal stability of such compounds.

The annealing process can also significantly affect the
structure and morphology of the nanoparticles. Therefore,
the magnetic properties are expected to vary with anneal-
ing temperature. In our previous work, we have reported
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Table 1

Lattice parameters (a), XRD crystallite sizes (Dyzp), and
microstrains (¢) for the as-prepared and annealed samples of
Sr;3Mn,3Co,;5Fe,04 ferrite nanoparticles

T, (°C) a (A) Dxgp (nm)  Dyrrep (nm)  pxgpp (g/ cm3) €

+0.01 +0.1 +2 +0.01 +0.0003
200 8.41 10.8 9 541 0.0014
300 8.37 11.7 12 5.48 0.0009
400 8.39 13.2 13 5.44 0.0009
500 8.41 22.7 14 5.40 0.0009

Relative intensity (%)
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260 (degree)

Fig. 1 XRD patterns for the as-prepared and samples annealed at
different temperatures of Sr;3Mn;;3Co, 3Fe,0, ferrite nanoparticles

the temperature dependence of coercivity and magnetiza-
tion of Sry;3Mn,;3Co,,3Fe,04 ferrite nanoparticles [18].
The current work discusses the effect of annealing

temperature on structure and magnetic properties of the
synthesized Sr;3Mn;;3Co,,3Fe,04 ferrite nanoparticles.

2 Experimental Details

The Sry3Mn;,3Co,,3Fe,04 ferrite nanoparticles were pro-
duced by glycol-thermal technique using a Watlow series
model PARR 4843 stirred pressure reactor. The starting
materials were high purity SrCl,6H,0, MnCl,4H,O0,
CoCl,4H,0, and FeCl,6H,0 all purchased from Sigma-
Aldrich. Stoichiometric amounts of metal chlorides were
dissolved in deionized water using a magnetic stirrer for
30 min. Drops of NH4OH were added slowly to the mix-
ture until a pH of 9 was reached. The precipitate was
washed using deionized water over a Whatman glass
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Fig. 3 Variation of crystallite size and the microstrain with annealing
temperature for Sr;3Mn;;3Co,3Fe,0, ferrite nanoparticles

microfiber filter. AgNO; standard solution was used to
confirm that all the chloride ions had been removed.
The wet precipitate was reacted in ethylene glycol at
200 °C in a pressure reactor under continuous stirring
for 6 h at a pressure of about 100 Psi. After the reaction,

Fig 4 HRSEM images for the as-
prepared and samples annealed at
different temperatures of
SI‘]/3M1‘11/3C01/3F8204 ferrite
nanoparticles

100 nm EHT =20.00 kV
Mag = 232.02K X

Signal A = InLens
WD = 4.0 mm

the mixture was washed with deionized water and then
with ethanol. The final product was dried using a 200 W
infra-red lamp. The dried sample was homogenized using
an agate mortar and pestle. Different portions of the sam-
ple were annealed for 6 h at different temperatures
(300 °C, 400 °C, 500 °C, and 600 °C) under flowing
argon gas of 99.999% purity. The phase and structural
characterizations of the samples were obtained by a
Phillips X-ray diffractometer type Model: PAN analytical,
EMPYREAN using CoK«x radiation. The morphology and
micro-structure of the nanoparticles were investigated by
a high-resolution transmission electron microscope
(HRTEM) (type: Jeol JEM-1010) and a high-resolution
scanning electron microscope (HRSEM) (Ultra Plus
ZEISS-FEG HRSEM instrument). Fourier transform infra-
red (FTIR) spectra of the samples were recorded with a
PerkinElmer Spectrum 100 with Universal ATR sampling
accessory in the range 4004000 cm ' with a resolution
of 0.4 cm '. Room temperature >'Fe Mdssbauer spectra
were obtained by a conventional spectrometer using a
>7Co source sealed in Rh matrix and vibrated at constant

acceleration. A mini cryogen free measurement system
was used to perform the magnetization measurements at
4 and 300 K in magnetic fields of up to 5 tesla.
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Fig.5 HRTEM images for the as-
prepared and samples annealed at
different temperatures of
SI‘]/3MI’11/3C01/3F6204 ferrite
nanoparticles

3 Results and Discussion

Figure 1 shows X-ray diffraction (XRD) results of the
as-prepared and annealed samples of
Sry,3Mn3Co4,3Fe,04 at different temperatures 7, of
300 °C, 400 °C, 500 °C, and 600 °C. It is clear that
the spinel phase structure collapses at 7, =600 °C. We
suspect the additional peaks that appear at 600 °C to be
due to an impurity phase such as «-Fe,O4 [19]. The
lattice parameters a were calculated using Bragg’s equa-
tion a=d(h* + kK> + I*)""?, whered is the inter-planar spac-
ing and hklhkl are the Miller indices [20]. The average
XRD crystalline sizes Dyrp were calculated using mod-
ified Scherrer’s equation Ing3 = ln% +1In ﬁ, where [ is
the full-width at half-maximum and @ is the Bragg’s an-
gle [21]. The microstrains of the annealed samples were
investigated based on the Williamson-Hall plots as
shown in Fig. 2. The values of the lattice parameter, crys-
tallite size, and lattice-strain ¢ for the as-prepared and the
annealed samples of Sry,3Mn;,3Co;,3Fe,04 at different
temperatures are given in Table 1. The lattice parameters

@ Springer

decreased slightly after annealing at 7, =300 °C and sub-
sequently increased with increasing 74. The as-prepared
sample appears to be more strained due to the initial syn-
thesis conditions. Hence, annealing leads initially to inter-
nal thermal relaxation that causes a drop in the lattice pa-
rameter followed by an increase. The crystallite sizes in-
crease from 9.3+0.1 to 20.6+0.1 nm with increase in
annealing temperature from 200 to 500 °C, respectively.
The crystallite size increased with increasing temperature.
This can be attributed to the coalescence effect due to ad-
ditional crystallites merging at higher temperature [22-25].
The microstrain € values decrease from 0.0014 +0.0002 to
0.0009 +£0.0002 as T, increases from 200 to 500 °C, re-
spectively. We attribute decreases in € values to the reduc-
tion of defects and internal stresses [26]. Figure 3 shows
the variation of crystallite size and microstrain with anneal-
ing temperature.

The morphology of the as-prepared and annealed sam-
ples was investigated by HRSEM and HRTEM as
displayed in Figs. 4 and 5, respectively. The particle
sizes increase as the annealing temperatures increase.
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However, the annealed nanoparticles appear to have
more regular shapes with a narrow particle size distribu-
tion. Figure 6 shows the size distribution for annealed
samples of Sry;,3Mn;,35Co0,,3Fe,04 at different
temperatures.

Figure 7 shows the FTIR spectra analyses for the as-
prepared and the annealed samples of
Sry3Mn;;3Co;5Fe,04 at different temperatures. The pat-
terns confirm the spinel structure of the samples which are
supported by the XRD results. The peaks at 563, 539, and
548 cm™ ! are attributed to stretching vibrations of Fe**-0O?
~ in the samples [27]. The adsorbed water featured by
bands at 3016, 3017, and 3286 cm ! are assigned to O—
H stretching vibration, whilst 1229, 1366, 1585, and
1739 cm™ ' are assigned to H-O—H bonding modes of
vibration.

Room temperature °'Fe Mossbauer spectra for the as-
prepared and annealed Sr;,3Mn;,;3Co,;,3Fe,04 ferrite
nanoparticles are shown in Fig. 8. The spectra were fitted

Particle sizes (nm)

with two Zeeman sextets. This is associated with Fe ions
in tetrahedral A and octahedral B sites. The magnetic
hyperfine parameters obtained from the fitted spectra
are shown in Table 2. The deduced values of isomer
shifts § confirm that only Fe’* ions are present in the
samples. Hence, it can be concluded that the oxidation
state of Fe ions has not been changed by the annealing
process. However, the isomer shifts slightly change with
increasing the annealing temperature. This can be attrib-
uted to a small change in s-electron density of the sam-
ple, associated with the grain growth. The obtained
values of magnetic hyperfine fields indicate a strong
super-exchange interaction between magnetic moments.
The higher values of magnetic hyperfine fields are ex-
pected to be at octahedral B sites. This is due to the
dipolar field that is associated with the deviation from
the cubic symmetry and covalent nature of Fe**—0%"
bonds at tetrahedral A site [28]. Figure 9 shows the var-
iation with 7, of magnetic hyperfine fields H4 and Hp.
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Fig. 7 FTIR spectra of spectra for Sr;;3;Mn;,3Co;,3Fe,04 ferrite
nanoparticles annealed at different temperatures

On A site, we observed an initial reduction at T4 =
300 °C followed by an increase in H, at higher T,. At

Relative intensity ( %)
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Fig.8 Room temperature °’Fe Mdssbauer spectra for the as-prepared and
samples annealed at different temperatures of Sr;;3Mn;;3Coy3Fe;0y4
ferrite nanoparticles
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Table 2 Isomer shifts (9), hyperfine magnetic fields (H), line widths
(I, and Fe** fraction population (f) on A-site and B-site for the as-
prepared and samples annealed at different temperatures of
Sry3Mn;3Coy/3Fe,04 ferrite nanoparticles

T, (°C) & (mm/s) H(kOe)  I'(mm/s) £ (%)
6A 5B HA HB FA FB ﬂ‘\ fB
+£0.02 +£0.02 +9 +4 +008 +0.1 £5 =7

200 0.36 0.32 436 475 046 020 53 47
300 0.31 0.31 426 477 032 029 34 66
400 0.42 0.31 448 480 037 023 59 41
500 0.45 0.29 457 487 036 0.15 68 33

octahedral B sites,Hp increases from 475+2 to 487+
1 kOe as T, increased from 200 to 500 °C, respectively.
The increase in magnetic hyperfine field values with an-
nealing temperature is associated with the increase in the
particle sizes. This can be attributed to the decrease in
the relaxation time as shown in Néel’s equation 7=17
exp(—KV/kzT), where V is the particle’s volume and K
is the anisotropy energy density [29]. The line widths
were also affected by the annealing process on both tet-
rahedral A and octahedral B sites.

Room temperature M — H loops for the as-prepared
and annealed samples of Sr;;3Mn;,;;Co;;3Fe,0,4 ferrite
nanoparticles are shown in Fig. 10. The obtained results
of magnetization My, coercive field He, remnant magne-
tization M,, and squareness ratio M,/My are presented in
Table 3. The magnetization increased from 67.5+0.4 to
71.9+0.4 emu/g as the annealing temperature increased
from 200 to 500 °C. The variation of Mg and H- with Ty

490
|—M— A-site _.-©
480 Jr -O- -B-site “__O,/’
4 o-----° -0- "7
470-
8 460+ .
x i
< 450- _//////
440
]l n
4301
A \I
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Fig. 9 Variation of hyperfine fields H, and Hp with the annealing
temperature for Sr;3Mn;;3Co,3Fe,0, ferrite nanoparticles
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Fig. 10 Room temperature hysteresis loops for the as-prepared and
samples annealed at different temperatures of Sr;;3Mn;;3Co3Fe;0y4
ferrite nanoparticles

Table 3  Magnetic parameters obtained at room temperature for the as-
prepared and samples annealed at different temperatures of
Sry3Mn;3Coy/53Fe,0y ferrite nanoparticles

T, (°C) My (emu/g) H¢ (kOe) M, (emu/g) M,/Mg
+04 +0.02 +1 +0.01

200 67.46 0.24 0.12
300 61.29 3.88 0.13
400 70.39 5.10 12 0.17
500 71.94 922 20 0.28
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Fig. 11 Variation of Mg and H with T for Sr;3Mn;3Co;,3Fe,04 ferrite

nanoparticles measured at 300 K
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Fig. 12 Hysteresis loops of the as-prepared and annealed samples of
Sr1 /3MH1/3CO 1/3F€204 ferrite nan()particles

measured at 300 K is shown in Fig. 11. It is observed
that Mg value drops at 300 °C. This might be due to spin
surface disorder. The coercive field increases to a maxi-
mum value at 500 °C and subsequently decreased at
600 °C. The variation of coercivity with particle sizes
can be explained based on domain theory [30]. The in-
crease of particle sizes leads to the increase of the coer-
civity to the maximum value at the single domain size.
As the particle sizes become larger than the single do-
main size, the coercivity decreases [31]. The values of
squareness increased from 0.12 to 0.28 by increasing the
annealing temperature from 200 to 500 °C. Figure 12
shows the M — H loops measured at 4 K for the as-
prepared and annealed samples of Sr;;3Mn;;3Co;,3Fe;04
ferrite nanoparticles. The hysteresis loops of the samples
at 4 K reveal large values of coercive fields (see Table 4)
compared to 300 K. This indicates that the samples be-
come magnetically harder at low temperature. We attri-
bute this to spin freezing effect. Evidence of frozen spins
at 4 K can be seen also from the distortion on the hys-
teresis loops [32]. In Fig. 13, we show plots of the co-
ercive fields and saturation magnetizations at 4 K. In
addition, we find a strong and interesting correlation be-
tween the coercive fields and saturation magnetizations

Table 4 Magnetic parameters obtained at 4 K for the as-prepared and
samples annealed at different temperatures of Sr;;3Mn;;3Coy3Fe;04
ferrite nanoparticles

T4 (°C) My (emu/g) H¢ (kOe) M, (emu/g) M,/My
+1 +04 +1 +0.01
200 83 11.2 61 0.73
300 70 13.2 53 0.76
400 80 11.0 58 0.73
500 85 10.0 64 0.75
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Fig. 13 Variation of Mg and H with T for Sr;3Mn;3Co;,3Fe,04 ferrite
nanoparticles measured at 4 K

as illustrated in Fig. 14. This suggests a relationship of
the form He= Hco(1 — Mg/M,) induced by thermal an-
nealing effect where Hcy and M, are constants.

4 Conclusions

The synthesized Sr;;Mn;;3Coy,3Fe;04 ferrite nanoparti-
cle sample was annealed at different temperatures of
300 °C, 400 °C, 500 °C, and 600 °C. The phase struc-
ture was confirmed by X-ray powder diffraction. The
annealing temperature increased the crystallite sizes and

14
7=40K
7,=300C 772099946
134 ® As-prepared sample
O  Annealed samples
124
©
@)
~
T 114
104
S
70 75 80 85 90
/I/lS (emu/g)

Fig. 14 Correlation between coercive fields Hc and saturation
magnetizations Mg measured at 4 K for the as-prepared and annealed
samples of Sr;,3Mn;3Co,3Fe,04 ferrite nanoparticles
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reduced the internal strain of the sample. High-resolution
scanning electron microscopy and high-resolution trans-
mission electron microscopy images reveal that the sam-
ples have regular shape and sizes. The results also show
that the particle sizes increase with increasing annealing
temperature. Room temperature °’Fe Mossbauer mea-
surements show that the internal hyperfine fields increase
as T, increases. The magnetization increased from 67.5 +
0.4 to 71.9+0.4 emu/g as T, increased from 200 to
500 °C, respectively. At room temperature, the coercive
fields increased from 0.24+0.03 to 9.2+0.03 kOe, re-
spectively. At 4 K, the samples became magnetically
harder with distortions in the hysteresis loops which
can be attributed to spin freezing effect. Increased coer-
civity with annealing temperature can be associated with
transformation from single domain to multi-domain
structure. Significant changes in the XRD patterns were
observed after thermal annealing. This is also consistent
with change in the FTIR spectrum for the as-prepared
sample that is significantly different. We also found a
strong linear correlation between the coercive fields and
saturation magnetization with increased annealing tem-
perature but not with the as-prepared sample.
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