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Abstract

A comparative study of structural and magnetic properties of MnZn ferrite (SF) and ZnO
coated MnZn ferrite (ZF) nanoparticles (NPs) has been carried out. The as-prepared NPs
show a single phase cubic spinel structure, with lattice parameter ~ 8.432 A. However a-
Fe,O3 impurity phase emerge from SF particles when subjected to annealing at 600 °C in air.
The weight fraction of a-Fe,O3; phase increases with increasing Mn concentration (9% for
x=0.2 and 53% for x=0.6). On the other hand in ZF (x=0.2 and 0.4) NPs no trace of impurity
phase is observed when annealed at 600 °C. The magnetic measurements as a function of
field and temperature revealed superparamagnetic like behavior with cluster moment ~10* g
in as-prepared particles. The cluster size obtained from the magnetic data corroborates well
with that estimated from structural analysis. Present results on ZnO coated MnZn ferrite
particles suggest that an interfacial (ZnO@SF) reaction takes place during annealing, which
results in formation of Zn-rich ferrite phase in the interface region. This leads to deterioration

of magnetic properties even in the absence of a-Fe,Oz impurity phase.
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1. Introduction

MnZn-ferrites are the important class of soft magnetic materials with wide range of
technological applications due to their high initial permeability and low magnetic loss at
higher frequencies. Ferrite nanoparticles (NPs) have been used in magnetic hyperthermia,
ferrofluids, sensor technology, magnetic resonance imaging, biomedical and electromagnetic
device applications [1-5]. It is well known that the magnetic properties of Mn-Zn ferrites
depend on the sintering protocol, which directly affects the microstructure. Recently heat
treatment effects on phase formation, microstructure and magnetic properties have been
reported on Mn,Zn;.xFe,O4 (x=0.5, 0.6) ferrite NPs [5, 6]. Although these studies showed
single phase (spinal structure) formation when as-prepared NPs are heat treated at 1200 °C
[7, 8], impurity phases (a-Fe,03) appear from NPs at moderate temperatures (600 °C-900 °C)
[7-10]. This results in deterioration of soft magnetic properties of Mn-Zn ferrite fine particles.
On the other hand heat treatment at moderate temperatures inhibits the grain growth and
preserves low dimensional character of the material. Therefore the fine particles have to be
processed in controlled conditions to avoid impurity phases and grain growth. One possible
way to prevent the impurity phases is to encapsulate the particles with inert materials. This
also helps in reducing the agglomeration of particles and restricts the grain growth [10]. For
example chemically and thermally stable semiconducting oxides may be helpful as capping
layer in two ways (i) restrict the direct interaction with atmosphere during annealing (ii)
ferrimagnetic, semiconductor interfaces can bring changes in wide range of physical
properties [11]. We have attempted to coat MngZngsFe,O4 NPs with different nonmagnetic
materials. These experiments showed that the ZnO coated particles are more effective in

restricting the impurity phase compared to the other coatings [12]. The ZnO coating on



MngsZno 4Fe,04 NPs is useful on two counts: (i) it is biocompatible and stable oxide (ii) as
being an important wide band-gap 11-1V semiconductor and the ZnO layer around the ferrite
NPs may be suitable for magneto-optic, spintronic devices as well as biomedical applications
[11, 12]. The magnetic and electrical transport studies also indicate that Ferrite/ZnO bi-layer
is more stable and has sharper interface compared to other bi-layers. Studies on these
magnetic films at ambient temperature also suggest that despite somewhat reduced structural
quality, FesO4 0n ZnO may prove to be a promising candidate for spin injection schemes
[13]. Wang et al., suggested that ZnFe,O,—ZnO composite hollow microspheres can be useful

for gas sensing, photocatalysis and magnetic resonance imaging [14].

In this paper we have synthesized MnZn spinel ferrite (SF) NPs through sol-gel process
and coated with ZnO (ZF). These particles were annealed at 600 °C in air to obtain a core-
shell structure NPs. Subsequently, structural and magnetic properties of as-prepared and

annealed SF and ZF NPs have been investigated.

2. Experimental details

The MnZn spinel ferrite NPs were prepared by sol-gel method [8]. The composites of
[(MnyZny.xFe;04)1-)/(ZnO)y (x=0.2, 0.4 & 0.6; y=0, 0.3)] were synthesized through
ultrasonication process as shown in Fig. 1. As-prepared NPs were dispersed in aqueous
solution of Zn(CH3CO0),.2H,0 and then NaOH solution was added drop wise to this
solution to maintain the pH at 8.0. Subsequently, the solution was ultrasonicated for one hour
to break the agglomerated particles and to encapsulate ZnO on the surface of each particle.

The slurry was washed several times with de-ionized water and dried at 70 °C. All the as-



prepared powder samples were annealed at 600 °C in air to investigate the microstructure and

magnetic properties.

Mn-Zn ferrite
powder
Il

Zn(0,CCH;),(H,0), |—| Aqueous solution [ { NaOH Sol. (pH at 8.0)
Sol

l Wash with DI water

Dried at 70 °C

}

ZnO coated Mn-Zn
ferrite powder

Ultrasonication for 1h

Annealed at 600 °C

Fig. 1 The flow chart for the synthesis of ZnO coated MnZn ferrite NPs.

Structure and thermal stability of the samples was analyzed using X-ray diffraction (XRD)
and thermal analysis. The XRD data was taken at RT (PANalytical X’pert PRO) from 20-80°
(0.016 step in 20) with CuKa (A=1.54059A) radiation. The Raman spectra were recorded at
300 K with 633 nm emission line wavelength of He-Ne laser on a Jobin-Yvon LabRAM
HR800UV spectrometer. Morphology, size distribution of the particles was analyzed with
Transmission Electron Microscopy (TEM) TECNAI-30 G, S-Twin. Magnetic measurements

were carried out using Quantum design Dynacool Physical property measurement system

(ppms).

3. Results and discussions



Figure 2 shows the Rietveld refinement of XRD patterns of as-prepared and 600 °C air

annealed SF, ZF samples. The presence of ZnO along with ferrite
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Fig. 2 Rietveld refinement of XRD patterns of (a) SF-as-prepared, (b) ZF-as-prepared (¢) SF-600 °C (d) ZF-600

°C air annealed samples for x=0.2 and (e) ZF-600 °C air annealed sample for x=0.6.

phase is detected in ZF as-prepared sample (Fig.2b). This observation suggests the existence
of two phase structure and it can be viewed as ZnO shell with ferrite core. A secondary phase
(a-Fe,03), appeared in XRD pattern along with spinel phase (Fig. 2c), when as-prepared SF
sample was annealed at 600 °C in air for 4h (see Table. I). On the other hand, a-Fe,O3 phase
is absent for ZF sample and ZnO reflections along with SF spinel phase can be seen in Fig.
2d. Interestingly no impurity phase is observed in 600 °C annealed Zn-ferrite, but as the Mn

concentration is increased fraction of a-Fe,O3 phase is increased. This observation suggests



that the presence of Mn in SF gives rise to impurity phases on annealing at 600 °C.
Therefore, MnZn ferrite NPs with varying Mn concentration (x=0.2-0.6) were prepared with
optimum coating of ZnO to restrict the evolution of impurity phase. The results obtained
from the refinement of XRD data are summarized in Table 1. The 600 °C air annealed ZF
samples exhibited a ferrite phase along with ZnO (without impurity o-Fe;O3) up to x=0.4
concentration. However, small weight fraction of «-Fe,O3 phase appeared in
Mng sZno 4Fe2,04.(ZnO) composition (Fig. 2e). These observations suggest that thicker coating
of ZnO layer is necessary for higher Mn-containing ferrites to prevent the impure/secondary

phases.

Table. I The structural parameters obtained from Rietveld refinement for SF, ZF as-prepared and 600 °C air annealed

samples. T,, t and 2 represent annealing temperature, crystallite size and goodness of the fit respectively.

Samples Lattice constants wt (%)
{1 Spinel o- Fe,03 ZnO . ,
Ta nm) Spinel a-Fe;03 ZnO X
a(A) a=b (A) c(A) a=b(A) c(A)
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" = y 60T 2 8"(‘63)66 5'((’2)7 6 13('27)48 - - 824(7)  17.6(7) - 152
(X:zg 5 0T 2 8"(‘63)49 - - 3%%)8 5':(23)75 90.3(5) - 9.7(5)  1.06
" ) g 600C 20 8"(‘;})31 5'(()?‘?’)88 13(_67;14 - 4614) 53.8(4) . 128
(X:Zg g 600C 15 8"(‘73)67 5'(();84 13('27)47 3'?3?)11 5'?%74 8203) 118(2) 60(2) 103




As shown in Table | the fraction of spinel phase increased due to the presence of ZnO shell in
600 °C annealed samples compared to that of as-prepared samples. The decrease of ZnO
phase is almost same for x=0.2, 0.4 concentrations. The average crystallite size (t) is

calculated by employing Scherror’s formula. The crystallite sizes of ZF as-prepared (9-13
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nm) and annealed (15-23 nm) samples show lower than that of SF samples (see Table 1),
indicating that ZnO shell inhibits the grain growth during annealing. From the structural
analysis it is further confirmed that ZnO is uniformly coated on the surface of SF NPs. These
observations also indicate a possibility that a fraction of ZnO phase might be reacting with
secondary o-Fe,O3; phase during the heat treatment to form Zn-rich ferrite phase. Similar
results were reported in earlier work and suggested that the ZnO shell protects the SF from
decomposition [10]. The ferrite phase successfully refined to the cubic spinel structure with

Fd-3m space group (JCPDS file No.10-0467), ZnO to the hexagonal crystal structure with



63mc space group (JCPDS file No. 36-1451), while a-Fe,O3 to rhombohedral crystal

structure with R-3c space group (JCPDS file No. 33-0664).

Fig. 3 Raman spectra of (a) SF-as-prepared, (b) ZF-as-prepared and (c) SF-600 °C, (d) ZF-600 °C air annealed

samples for x=0.2 respectively.

The Raman spectra were recorded at 300 K in the frequency range from 100-1000 cm™.
According to the group theory five Raman active (A;g+E4+3T23) modes were predicted for
ferrites which belong to cubic spinel structure of AB,O4 with Fd-3m space group [14]. In
ferrites the Raman modes were assigned based on the relative motion of oxygen ions respect
to tetrahedral (A) site ions in FeO4. The Ay mode is due to symmetric stretch, of oxygen ions
in FeO,, Ey and To4(3) modes are due to the symmetric and asymmetric bending of oxygen
ions with respect to the Fe, T4(2) is symmetric stretch, of Fe and O and Tyy(1) is the
translator motion of FeO, as total [15]. Fig. 3 shows the Raman spectra of as-prepared and
600 °C air annealed samples respectively. The as-prepared (Fig.3a) SF, (Fig.3b) ZF NPs
exhibit ferrite Raman active modes, but Eg and T,g(1) modes in low frequency region is not
prominent which might be due to line broadening and strain on the surface of NPs. The a-
Fe,O3 modes were detected in a SF sample annealed at 600 °C in air as shown in (Fig.3c). On
the other hand pure ferrite modes were observed for ZF sample annealed at 600 °C (Fig.3d).
These results corroborate well with XRD data. The ferrite modes observed Aqq (630- 640 cm’
1) 3T, (460- 500, 340-350, 154-170 cm™) and E, (150-175 cm™) respectively. The modes of
a-Fe;03 Ag, E4(2) and E4(4) were observed at 220 cm™, 283 cm™ and 401 cm™ respectively.
The expected ZnO modes shown in Fig. 3 (d) are not discernible due to broadening of ferrite
modes and superposition of peaks of ZnO with ferrite. Further we have observed (not shown

here) A1 (2LO) mode around 1100 cm™ which is a finger print of ZnO [16].
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High resolution transmission electron microscopy images of the as-prepared and 600 °C
annealed ZF (x=0.2) sample are shown in the Fig. 4. The TEM images show (Fig. 4(a), (b))
spherical shape particles with a marginal increase in particle size of annealed sample
compared to that of as-prepared particles. The histograms shown in insets of Fig. 4(a), (b),
suggest a narrow particle size distribution from 8-15 nm for as-prepared ZF NPs and 15-30
nm for annealed ZF sample. The size distribution of NPs was obtained by recording

micrographs at different locations of the same sample and followed Gaussian distribution for
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Fig. 4 (a, b) TEM images, (c, d) SAD patterns and (e, f) HR TEM of images of as-prepared and 600 °C air

annealed ZF samples respectively.

ZF as-prepared and long-normal distribution for ZF 600 °C annealed samples. The selected
area electron diffraction (SAD) pattern of as-prepared and annealed samples exhibit
concentric rings indicating polycrystalline nature of samples (see Fig. 4(c), (d)). The lattice
fringes correspond to a group of atomic planes within the NPs with distance between the two
adjacent planes is ~ 5.07 A for as-prepared, 4.9 A annealed samples and it is indexed to the
(111) plane of spinel ferrites and 2.5 A is corresponding to the (311) plane of the ferrites.

They exhibit single crystalline nature in limited area of the NP surface.

Figure 5 depicts the temperature (2-400K) variation of dc magnetization measured under
magnetic field of 100 Oe following zero-field-cooled (ZFC) and field-cooled (FC) protocols.
The observed ZFC magnetization exhibits a broad maximum at characteristic temperature

(Tg) below the FC-ZFC bifurcation temperature. Negligible coercivity (Hc) and remanent
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magnetization observed at T>Tg that suggests magnetic cluster blocking phenomenon. The
broadening in ZFC maximum can be understood based on the relation KV=25KgTg, where K
IS uniaxial anisotropy constant and V is the volume of the magnetic particles. Since the
magnetic NPs have distribution of particle sizes (V) (as observed from the TEM
micrographs) a broad peak in ZFC magnetization curve is observed indicating a range of
blocking temperatures. As shown in Fig. 5(a), (c) the Tg is estimated as ~95 K, 100 K for as-
prepared and annealed SF samples, while Tg is 85 K for as-prepared ZF which decreases to
65 K in the case of annealed ZF sample shown in Fig. 5(b), (d). The FC and ZFC curves
exhibit similar behavior with a shift in maximum value. This shift of FC maximum (to lower
temperatures) can be attributed to the alignment of larger particles in small applied fields
[17]. The observed results are consistent with earlier reports on similar compositions. FC and
ZFC curves exhibit irreversibility which appears near 305 K, 230 K for SF, ZF as-prepared
samples and 120K, 85K for SF, ZF 600 °C annealed samples respectively. The FC
magnetization is considered as equilibrium magnetization in the whole temperature range and
ZFC magnetization as nonequilibrium measurement below the bifurcation temperature the
spin relaxation time of the NPs very much greater than the measurement time (typically
assumed to be ~10° s for dc magnetization measurements) so the spins are frozen in random
directions and the magnetization drops to smaller values [18]. In order to study the origin of
magnetic disorder at low temperature, we have measured magnetization as a function of
applied field at several temperatures below and above the Tg. The coercivity (H;) and
saturation magnetization (Ms) values are plotted as a function of temperature for as-prepared
(a) SF and (b) ZF samples as shown inset of Fig. 5. The H drops by two orders of magnitude

from 642 Oe at 2 K to 0.4 Oe at 100 K and remains constant upto 350 K. The My is
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48.7emu/g at 2 K and decreases monotonously tol3 emu/g at 350 K for as-prepared SF
sample. Similar behavior is observed in the case of as-prepared ZF sample. These
observations support superparamagnetic (SPM) behavior. Earlier reports on MnzZn ferrite
NPs showed that the SPM limit is in the range of 20 nm [19]. Structural data (XRD and
TEM) on presently studies of the samples show that the grain (particle) size is below SPM
limit. The M-H curves measured at 2K and 300K (not shown here) for as-prepared and
annealed NPs exhibit ferrimagnetic behavior at 2K and typical SPM at 300K. The SPM state
in a material can be verified by plotting magnetizatiom as a function of H/T (T> Tg). The
normalized isotherms above the Tg are plotted against H/T for SF and ZF as-prepared
samples and found to superpose in certain range but small deviations are observed in the
higher field region. The deviation from ideal SPM behavior might be due to the surface
defects and presence of inter-particle interactions [17]. Further in order to identify the
existence of single domain behavior below blocking temperature, the temperature
dependence of Hc has been analyzed in the following. For a monodispersed and non-
interacting single domain magnetic nonoparticles the temperature dependence of Hc is

expressed as [20]

Fig. 5 The ZFC (filled )-FC (open ) magnetization measured at 100 Oe, (a) SF-as-prepared, (b) ZF-as-
prepared and (c) SF-600 °C, (d) ZF-600 °C annealed samples for x=0.2. Inset, shows variation of M and H. as a

function of temperature for as-prepared SF and ZF samples respectively.

Ho(T) = HC(O){l(TlJ } &

B
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Where Hc(0) is the coercive field at T=0K, the Hc follow linear with T2 for non-interacting
particles. The non-linear behavior of He with T2 is observed at high temperature for the as-
prepared SF, ZF samples which indicate that the presence of interparticle interactions [17,
21]. The M-H curves of an SPM system is expected to follow the Langevin function. As
shown in Fig. 6 magnetization data of as-prepared and annealed NPs has been fitted to a

modified Langevin function equation [22]

M =M, {coth (%J_(%HJ’ H Q)

where M;s is saturation magnetization, u is the magnetic moment of single particle, Kg is
Boltzmann constant and y is the high field susceptibility. The deviation from ideal SPM is
corrected with paramagnetic linear term and y is 4.4 x10™ emu/g.Oe, 2.9 x10™* emu/g.Oe for
SF, ZF as-prepared samples and x is 1.9x10™* emu/g.Oe, 1.1 x10™ emu/g.Oe for SF, ZF

annealed samples. The particle moment is estimated from equation 2, which turns out to be

20 [ O Experimental data
Langevin fit
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16390 pg, 17600 pg for SF, ZF as-prepared samples, while a decrease of an order of
magnitude in moment is observed for annealed samples i.e, 8083 ug 6654 g for SF, ZF. The
u values are very large which is an indication of each particle is composed with large number
of spins. The average particle size can be estimated by using the expression u=d*Ms/6 where
d is the diameter of particle assuming spherical shape. The average particle sizes are 10.8
(#0.1) nm, 10.5 (£0.1) nm for as-prepared SF, ZF NPs and 12 (+0.1) nm, 13 (£0.1) nm for
annealed SF, ZF samples. These particle size values obtained from the fit for as-prepared
samples are in good agreement with XRD TEM results, while deviation for annealed samples
might be due decrease in effective magnetic particle size. The saturation magnetization
values obtained from Langevin fit are smaller compared to the experimentally observed
values. This difference can be attributed to the surface spins in the particles. A detailed
analysis of magnetic data shows that both as-prepared and annealed ZF samples exhibit lower
magnetization values compared to SF samples. The decrease in magnetic properties in ZF as-
prepared sample might due to the presence of non-magnetic ZnO along with SF phase.
Although it is concluded from the structural data of 600 °C annealed ZF sample that ZnO
shell protects the SF from decomposition, the ZnO fraction is slightly decreases in stabilizing
the ferrite phase. Further it is noticed that the magnetic properties deteriorate, which suggests
the interfacial (ZnO@SF) reaction takes place during annealing and that may result in
formation of Zn-rich ferrite phase. Further studies are in progress to verify the interfacial

reaction and phase formation.

Fig. 6 Modified Langevin fit to the M-H curves measured at 300K for (a) SF-as-prepared, (b) ZF-as-prepared

and (c) SF-600 °C, (d) ZF-600 °C air annealed samples for x=0.2.
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4. Conclusions

The ZnO coated MnZn (ZF) ferrite nanoparticles were synthesized and the physical
properties are compared with uncoated NPs. The structural data reveals that the ZF NPs can
be viewed in core (ferrite)-shell(ZnO) geometry. It has been shown that the evolution of a-
Fe,O3 impurity phase in 600 °C annealed MnZn ferrite samples depend on Mn content. It is
also demonstrated that impurity phase can be restricted by encapsulation of ZnO layers. The
analysis of temperature and field dependence of magnetization data of the particles suggests
SPM like behavior above a characteristic temperature. The particle size estimated from
magnetization data corroborates well with the one obtained from structural data. The
structure and magnetization studies indicate that there occurs an interfacial (ZnO@SF)
reaction during annealing, which leads to the formation of Zn-rich ferrite phase in the
interface region.
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Highlights
The properties of ZnO coated MnZn ferrite NPs are compared with uncoated NPs.
The structural data reveals that the ZnO shell protects ferrite core from degradation.

The field and temperature dependence of magnetization suggests SPM like

behavior.
From the magnetic isotherms average cluster moment is estimated to be ~10° g,

Magnetic data suggests formation of Zn-rich ferrite phase in interfacial region.
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