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Abstract. Disordered and frustrated magnetization of different surface coated (Cr,03, C0304, ZrOo,
and SiOz) MnFe;O, nanoparticles have been studied using SQUID-magnetometry. Magnetic
measurements, such as ZFC/FC and ac-susceptibility evidence surface spin-glass behavior. ZFC/FC
curves were also compared with numerical simulation to get information about effective anisotropy
constants. Frequency dependent ac susceptibility results were analyzed by using Arrhenius, Vogel
Fulcher and dynamic scaling laws to further confirm the spin-glass behavior. It is observed that the
strength of surface spins disorder and frustration strongly depends upon the type of the coating
material. All these analyses signify that disordered and frustrated surface magnetization in MnFe,0,4
nanoparticles greatly depend on the type of the surface coating materials and are useful for
controlling the nanoparticle’s magnetism for different practical applications.

Introduction

Magnetic nanoparticles are promising candidates not only for technological applications but
also for biological and medical applications due to their unique magnetic properties such as size
dependent magnetization, high coercivity, soft magnetic nature and high Curie temperature [1].
Among these nanoparticles, manganese ferrite (MnFe,O4) is preferred due to greater
biocompatibility and high magnetic susceptibility [2]. The magnetic properties of these
nanoparticles can be tailored by two dominant features i.e. finite size and surface effects. Due to the
smaller size, surface to volume ratio of the nanoparticles increases and the surface contribution to
magnetization becomes significant. Atoms on the surface of these MnFe,O, nanoparticles
experience a different environment than those in the core. As a result, different types of defects can
arise on the surface of these nanoparticles and these surface defects mainly depend on its
nanoparticle’s sizes. Aslibeiki et al. [3] investigated the formation of a disorder state at the surface
of MnFe,O,4 nanoparticles, showing lower magnetization than the bulk due to the size reduction.

The changes in the dynamic magnetic behavior due to surface disorder can be controlled by
suitable surface coating [4]. The type of coating can affect the magnetic properties of the core and
modify the interparticle dipolar interactions. Non-magnetic coating usually reduces the effective
magnetization due to its non-magnetic nature and existence of canted spins, or spin glass like
behavior [5]. Magnetic coating can generate efficient core-shell interface interactions which can
modify the effective anisotropy due to interface coupling [6]. In this article, we have used different
coatings on MnFe;O, nanoparticles i.e. SiO; (non-magnetic), ZrO; (non-magnetic), Co304
(antiferromagnetic (AFM)) and Cr,03 (AFM) to study the disordered and frustrated magnetization
and compared their magnetic properties.
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Experimental

Fig. 1 shows the schematic diagram for the preparation of coated MnFe,O4 nanoparticles by
using the microwave plasma synthesis method [7]. For the synthesis of ZrO, coated nanoparticles, a
2.45 GHz microwave equipment with commercial components as microwave generator, magnetron,
isolator, directional coupler and tri-stub-tuner (Muegge, Reichelsheim, Germany), and specially
designed cavities, using the rotating TE;;-mode in consecutive arrangement were used. The
diameter of the quartz glass reaction tube was 28 mm. The length of the plasma zone was 12 cm,
which approximately corresponds to one wavelength & of the 2.45 GHz microwaves. Initially, the
precursors such as solid Mny(CO);p and liquid Fe(CO)s were mixed in the first zone for preparation
of MnFe,O4 nanoparticles. The evaporated precursor is then carried through the plasma zone by
using argon (Ar) as a carrier gas. A controlled amount of reaction gas (20% O, in Ar) is fed into the
system just in front of the microwave discharge zone, in which the nanoparticles are formed. The
second evaporation source is also used for nanoparticle surface coating and suitable precursors are
used for coating of Cr,03, C0304, SiO, and ZrO,. The cooled glass-finger serves for the deposition
of the nanoparticles as a dry powder. Finally, the cooled glass-finger is removed from the system
and the nanoparticles can be collected in the form of dry powder.
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Fig. 1: Schematic diagram for the synthesis of coated MnFe,O4 nanoparticles.

Poly methyl methacrylate (PMMA) was further utilized as a protective layer for AFM Co304
and Cr,03 coated nanoparticles. The inverse spinel structural phase was identified by X-ray
diffraction (XRD) (Bruker D8 Advance instrument) by using Cu-Koa (A=0.154nm) at ambient
conditions. Transmission electron microscopy (TEM) was employed to analyze the shape and
average particle size. Magnetic measurements were taken by using superconducting quantum
interface device (SQUID) magnetometry (Quantum Design, MPMS-XL-7).
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Results and Discussion
Fig. 2 (a-d) shows the XRD patterns of MnFe,O,4 nanoparticles coated with Cr,03, C0o304, SiO,
and ZrO,, respectively.
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Fig. 2: (a) XRD patterns of Cr,03, (b) Cos0s4, (c) SiO; and (d) ZrO, coated MnFe,O4 nanoparticles.
Insets show the TEM images at a 20 nm scale for respective nanoparticles samples.

All the indexed peaks matched very well the JCPDS card No. 10-0319 which represents the
standard XRD pattern of MnFe,O,4 nanoparticles. The peaks for MnFe,O,4, Cr,03, Co304, and ZrO,
are identified as marks in the Fig. 2 (a-d). Very high intensity peaks, which are out of scale and also
hidden by the insets, refer to the aluminum substrate. There are no peaks observed for SiO, due to
its amorphous nature. The XRD average crystallite size (dxgp) Of these nanoparticles (by using
Debye-Scherrer’s formula) are tabulated in the Table 1. Insets in Fig. 2 (a-d) show the TEM images
of Cr,03, Co304, SiO, and ZrO, coated MnFe,O4 nanoparticles. These TEM images evidence a
spherical shape of nanoparticles with less agglomeration.

Fig. 3 (a) shows experimental zero field cooled/field cooled (ZFC/FC) curves of Cr,O3, C0304,
SiO; and ZrO, coated MnFe,O,4 nanoparticles. In ZFC curve, at first the magnetization increases
with increasing temperature due to the unblocking of particles and then decreases on further
increasing of the temperature due to the onset of superparamagnetism. The broad maxima in the
ZFC curve is the average blocking temperature (Tg) of the nanoparticles [8]. The Co30O4 coated



130 Solid Compounds of Transition Elements lli

MnFe,0,4 nanoparticles have higher Tg as compared to all other samples (see Table 1), which is
attributed to enhanced magneto-crystalline anisotropy caused by Co3O, surface coating [9,10]. Fig.
3 (b) shows experimental and simulated ZFC/FC curves of Cr,03 coated MnFe,O4 nanoparticles.
We have fitted our experimental ZFC/FC data by using Neel-Brown relaxation model [11]. It
reveals a higher value of the effective anisotropy constant (Ke) for all the samples as compared to
their bulk value, Kpux = 2.5x10* erg/cm® [12]. The surface anisotropy of MnFe,O4 nanoparticles is
responsible for the increase of the K¢ value [12]. The Co30,4 coated nanoparticles show higher Kes
as compared to Cr,0O3, SiO; and ZrO, coated MnFe,O, nanoparticles (see Table 1) which is
probably due to the AFM nature of the CozO, coating which gives rise to surface effects and
enhanced surface/core-shell AFM/FM interface interactions. The large difference between the
simulated and measured FC curves is attributed to our model limitations, because this model works
only for non-interacting single-domain particles. The interacting nanoparticles usually show a
plateau in the FC curve just below the Tg as evident from the flatness of the experimental FC curve
below Tg as shown in Fig. 3 (b). Parameters obtained from the simulation of Cr,03, C0304, SiO;
and ZrO, coated MnFe,O4 nanoparticles are given in Table I.
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Fig. 3: (a) Experimental ZFC/FC curves of all the samples and (b) experimental and simulated
ZFC/FC of Cr,03 coated MnFe,O4 nanoparticles.

Table 1: Parameters obtained from experimental and simulated ZFC/FC curves and XRD analysis.

Samples Te[K] | Kerr [erg/em’] | Ms [emu/g] | dg, [nm] | Oxmo [nm] op

MnFe,04/Cr,03 95 2x10° 24.9 17 15-20 0.31
MnFe,04/ Cos0, | 238 5 x 10° 38.6 6 7-10 0.22
MnFe,04/SiO, 65 9x 10° 39.7 6.6 8-10 0.25
MnFe,04/ZrO, 100 3 x 10 61.4 14.7 15-20 0.20

Disordered and frustrated surface spins freeze at lower temperatures and can give rise to spin-
glass behavior. To investigate the spin-glass behavior in these nanoparticles, we carried out
frequency dependent ac susceptibility measurements. Fig. 4 (a) shows the temperature dependent
out-of-phase ac-susceptibility of Cr,O3 coated MnFe,O, nanoparticles at frequencies (f) = 1, 10, 100
and 1000 Hz under magnetic field excitation with amplitude H,. = 5 Oe. For the out-of-phase part,
Tg is observed at 45, 55, 65 and 74 K at 1, 10, 100 and 1000 Hz frequency, respectively.

To confirm the existence of interparticle interactions and spin-glass behaviour, we have fitted
the f-dependent shift of Tg for the out-of-phase ac-susceptibility by using different physical models.
Neel-Arrhenius law is used for thermally non-interacting particles as shown in Fig. 4 (b). The
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model is expressed as [13] T — 7€ , Where 7 is the frequency dependent relaxation

time of spins, E, is activation energy barrier and z, is the atomic spin-flip time which lies in the
range 10” to 10™% s. The fitted parameters as obtained from Arrhenius law fit gives unreasonably
large value for 7, = 3.8x10°®% s. It shows that Cr,O; coated nanoparticles do not obey the Neel-
Arrhenius law and these nanoparticles are not completely non-interacting. SiO, and ZrO, coated
MnFe,O, nanoparticles nearly follow the thermally activated Neel-Arrhenius law and give
reasonable values of z, which lies in or end of the range. In literature, it is mentioned that
nanoparticles with z, = 10™ s are considered as weakly interacting particles [14, 15]. Therefore
there was no need of further investigation for these nanoparticles. The non-magnetic SiO, and ZrO,
coating have minimized the surface energy and relaxed the surface spins of MnFe,O,4 nanoparticles
which are not able to create spin glass behaviour. Further analysis was done for Co3O4 and Cr,03
coated MnFe,O4 nanoparticles. The Vogel-Fulcher law with an additional parameter T,

. . . . . (k (TEa—T )j .
(interparticle interactions strength) can be written as [16], =z = z e~ """ ° ¢ . Fig. 4

(c) shows the best fit in terms of the Vogel-Fulcher law with reasonable values for the activation
energy, Ea/kg = 300 K, and 7, = 1.7x10™% s with a strength of interparticle interactions as T, = 21 K.
This value of T, leads to moderate interparticle interactions for these nanoparticles.
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Fig. 4: (a) Out-of-phase ac-susceptibility measured at different frequencies (b) fit by an Arrhenius
law, (c) fit by a Vogel-Fulcher law, and (d) fit by a dynamic scaling law.
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For the study of spin glass behaviour, the dynamic scaling law is usually used, which can be
expressed as [17] = = r(%j , Where 7* is the spin-flip time for individual nanoparticle
B o

combined core spin, T, is the static freezing temperature and “zv” is the critical exponent which
gives information about the spin-glass behaviour, generally it ranges from 4 to 12 [18]. The
obtained value of the spin flip time of nanoparticles as shown in Fig. 4 (d) is 7*= 4.6x10" s. Slow
relaxation of frozen disordered surface spins and interparticle interactions are responsible for the
higher value of z*. The critical exponent is 5 which lies in the spin-glass regime. We have also used
the same physical models for other coated nanoparticles (not shown here) and obtained parameters,
which are summarized in Table 2. The Co30,4 coated nanoparticles show higher value of activation
energy and zv as compared to Cr,O3 coated nanoparticles [10]. The Co304 and Cr,O3 coated
nanoparticles exhibit spin-glass behaviour, induced by disordered surface spins and interparticle
interactions but with different strength and effective anisotropy, which is due to the two different
coating material.

Table 2: Parameters obtained from different physical model fittings of the f-shift of Tg for MnFe,O4
nanoparticles coated with different materials.

Samples Arrhenius law Vogel-Fulcher law | Dynamic scaling law
- -09 e -04
v = 4.3x1075 s 7o=4.56 Xx10™"'s *=7x10""s
MnFe;04/C0304 E./ke = 4993.13 K Ea/ks = 1424 K v =12
e To= 76 K T, = 80K
7o =1.2x10"s
MnFe,04/ZrO - - - -
P Ea/ks = 3005 K
o= 3.8x10% o= 1.7x10™%s 7%= 4.6x10%s
MnFe204/Cr203 E./k = 794.39 K Ea/kB =300 K v=5
e T,=21K T,=34K
. 7o = 4.6x10"%s
MnFe,04/Si0 - - - -
2ot Ed/ks = 987 K

Conclusions

Surface spin disorder in MnFe,O4 nanoparticles coated with Cr,0O3, Co304, SiO, and ZrO, was
studied by ac and dc magnetization measurements. XRD confirmed the spinel crystal structure of
MnFe,O, nanoparticles and exhibit peaks for coating materials except for amorphous SiO,.
Experimental and simulated ZFC/FC curves revealed that the CozO4 coated MnFe,O,4 nanoparticles
exhibit higher Kez as compared to bulk MnF,O4 and higher Tg as compared to other coated
nanoparticles. The higher value of K is due to the AFM nature of CosO, surface coating which
increases the core-shell interface interactions and surface disorder as compared to other coatings of
the nanoparticles. The parameters obtained from model fittings showed that SiO, and ZrO, coated
nanoparticles reduced surface disorder and frustration. However, Co3;O, and Cr,O3; coated
nanoparticles exhibited spin-glass behaviour but with different interaction strength parameters. All
these findings demonstrate that surface spins disorder and frustration can be modified by using
suitable coating material for desired applications.
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