Reduced surface effects in weakly interacting ZrQO, coated MnFe,0, nanoparticles
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Abstract

Surface effects in zirconium dioxide (ZrO,;) coated manganese ferrite (MnFe,0y)
nanoparticles have been studied by using dc and ac magnetization. The average crystallite size of
MnFe,0,4 and ZrO, phase was about 9 and 4 nm, respectively as determined by Debye-Scherrer’s
formula. TEM images revealed that the nanoparticles are spherical in shape with less agglomeration.
Selected area electron diffraction analysis shows two different crystalline species such as
nanoparticle’s core MnFe,O4 and coating ZrO,, which was in agreement with the XRD analysis.
Effective anisotropy constant (K= 3 x 10% erg/cm?) as deduced from simulated ZFC/FC curves is
close to bulk value (Kpux = 2.5 x 109 erg/cm?®) which is due to weak contribution of surface

anisotropy. Saturation magnetization showed an increasing trend at low temperatures (more
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pronounced below 50 K) which is again due to reduced surface spins disorder. Temperature
dependent coercivity revealed a sharp increase at 5K, which is due to the surface spins freezing. The
Arrhenius law fit to frequency shift of Ty in ac susceptibility revealed weak interparticle interactions.
The nanoparticles showed slow spin relaxation in ZFC protocol which signify the presence of
disorder in our nanoparticles, however the value of shape parameter B lies outside the spin-glass
regime. In summary, non-magnetic ZrO, coating on these fine MnFe,O4 nanoparticles reduces their
surface energy, magnetic interparticle interactions and surface effects, which are not sufficient to
establish a spin-glass behaviour.
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1. Introduction

Among the ferrimagnetic spinel ferrites, manganese ferrite (MnFe,O,) is one of the soft ferrite
with promising applications due to their large resistivity, permeability, high saturation magnetization,
small coercivity and moderate magnetocrystalline anisotropy. Soft ferrites are best candidates for
applications such as microwave devices, transformer cores, ferro-fluids and telecommunication [1-
4]. According to the cationic distribution, manganese ferrite (MnFe,O,) has partially inverse spinel
structure [5, 6]. At nanoscale, MnFe,0, shows reduced magnetization as compared to bulk due to
reduced bonds and frustration of the exchange coupling between ferrimagnetically coupled spins near
the surface of the individual nanoparticle. This surface disorder sometimes becomes strong enough
to produce surface spin-glass behavior in ferrite nanoparticles [7, 8].

In addition to surface spin-glass, magnetic nanoparticles also exhibit superparamagnetism
which is usually manifested by the existence of blocking temperature. Thermal energy and magneto-
crystalline anisotropy energy are the competing mechanism for superparamagnetism. This

phenomenon is usually observed in small-sized nanoparticles, where thermal energy exceeds the



magneto-crystalline energy barrier that flips the spins more frequently. In nanoparticles, blocking and
spin-glass transition temperatures are usually overlapped [9], which makes them difficult to
distinguishable. However by using indirect experimental evidences, now it is well established to
distinguish between superparamagnetism and spin-glass behavior in magnetic nanoparticles [10].
Ferrite magnetic nanoparticles also contribute random interparticle dipolar interactions which can
also lead to spin-glass behavior known as super spin-glass. Kodama et al. [11] proposed a surface
spin-glass freezing model which are based on surface disorder arises due to the existence of broken
bonds and as a result it reduced the saturation magnetization (Ms) of the nanoparticles. Lartigue et
al. [12] reported the existence of super-spin glass behavior in Fe;O, nanoparticles, but an
enhancement of Mg is observed, which arises from both inter-particle dipolar and exchange coupling.
Gao et al. [13] synthesized MnFe,O4 nanoparticles by the thermal decomposition method and
reported surface spin-glass like state. Ghosh et al. [14] studied the PVA capped Fe;O4 nanoparticles
and reported spin glass type transition at 125 K.

It is desirable to reduce the interparticle interactions to study the surface effects in ferrite
nanoparticles. Suitable non-magnetic surface coating can be useful in reducing the interparticle
interactions and agglomeration. Non-magnetic surface coating can also reduce the surface energy of
the ferrite nanoparticles and surface disorder can be minimised. Aslibeiki et al. [15] synthesized
MnFe,0,4 nanoparticles by using different contents of tri-ethylene glycol and found that polymer
coating can enhance the Mg value by reducing the surface spins disorder and lower the blocking
temperature with remarkable shift. Rashid et al. [16] reported that the ZrO, coated MgFe,O4
nanoparticles are useful for hyperthermia applications. Girija et al. [17] reported that ZrO, coating
prevents the aggregation among Fe nanoparticles. However, some non-magnetic coating can enhance

the surface effects as reported by Larumbe ef al. [18] in Si0, coated NiFe,O,4 nanoparticles.



In this work, we have preferred non-magnetic ZrO, as a coating material to reduce the
agglomeration, interparticle interactions and surface disorder. ZrO, is one of the material that exhibits
remarkable properties such as high melting point, low thermal conductivity at room temperature,
excellent chemical and corrosion resistance, high refractive index, large band gap, high dielectric
constant, and bio-compatibility. Its stability at room temperature makes it stable against
agglomeration and surface disorder. It can also restrict the growth of nanoparticles as observed by
Xu et al. [19] in ZrO, coated FePt nanoparticles.

2. Experimental

MnFe,0, nanoparticles coated with ZrO, and protected by poly methyl methacrylate
(PMMA) were prepared by microwave plasma synthesis [20, 21]. Fig. 1 shows the schematic diagram
for the preparation of these nanoparticles by using microwave plasma synthesis method. For 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 used quartz glass reaction tube was 28 mm.
The length of the plasma zone was 12 cm, which approximately corresponds to one wavelength A of

the 2.45 GHz microwaves.
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Fig. 1: Experimental setup for the synthesis of ZrO, coated MnFe,0, nanoparticles.

1 g of solid Mn,(CO);¢ and 2.1g of liquid Fe(CO); were mixed, yielding 2 ml of liquid precursor, fed
with a rate of 20 ml/h using a syringe pump, evaporated at 160 °C and transported with 0.2 [pm Ar
carrier gas into the reaction system just before the plasma zone, where formation of the core
nanoparticles occurs. In parallel, for the ZrO, coating 1.6 g of ZrCl, was used as the precursor, and
evaporated at 280°C outside the reaction zone. The preheated precursor gas was transported with 0.2
Ipm Ar-carrier gas into the plasma zone for the formation of ZrO, coating. Plasma and reaction gas
is a mixture of Ar /20% O, with a 7.5 Ipm gas flow rate. The pressure in the system was set to 2 mbar
by using two vacuum pumps. The microwave power was set to 2000 W, corresponding to reaction
temperature around 350°C. Electric charging of the particles induced by the plasma in combination

with short residence time of only a few milliseconds and the low reaction temperatures prevent the



formation of hard agglomerates during synthesis. The nanoparticles were collected via
thermophoresis on a cold finger. This powder was subsequently scraped off with a razor blade. The
structural characterization of powder samples recorded with radiation Cu-Koa (A = 0.154 nm) (Bruker
D8 Advance instrument) at room temperature. Transmission electron microscopy (TEM) was used
for nanoparticle’s imaging. The magnetic properties were done by using a superconducting quantum
interference device (SQUID)-magnetometer (Quantum Design, MPMS-XL-7).

3. Results and Discussion

Fig. 2 (a) shows the X-ray diffraction (XRD) scan of ZrO, coated MnFe,0,4 nanoparticles
placed on aluminum substrate. In this pattern, aluminum substrate was used to support the sample for
measurement whose peaks are represented by Miller indices (111), (200), (220) and (311) at
scattering angles of 38.5°, 45°, 65° and 77°, respectively. The XRD peaks at (111), (211) and (302)
correspond to monoclinic phase of ZrO, (m-ZrO,). Peaks at (111) and (220) correspond to main
cubic phase of ZrO, (c-ZrO,). The diffraction peaks of MnFe,0, fit perfectly with the standard data
of the spinel MnFe,O,. Peaks at (220), (311), (400), (511), (440) and (533) are typical diffraction
peaks of MnFe,0, phase. Debye-Scherrer’s formula is used for the calculation of average crystallite

size as given below:

091
= Bcos @ (1)

The average crystallite size of MnFe,04 and ZrO, phase is about 9 and 4 nm, respectively. The
average crystallite size is calculated after subtraction of instrumental broadening and error bar
estimate + 0.5-1 nm for ZrO, phase and + 1-3 nm for the MnFe,0, phase. Figures 2 (b) shows the
selected area electron diffraction (SAED) of ZrO, coated MnFe,O4 nanoparticles as analyzed by
using software “PASAD” [22]. The presence of sharp diffraction rings signify the crystalline nature

of the nanoparticles. The PASAD evaluation of the SAED signify the presence of two different



crystalline species such as MnFe,0, (core of the nanoparticles) and ZrO, (coating material), which
is in good agreement with the XRD findings. Figure 2 (c) and (d) represent the transmission electron
microscopy (TEM) images of ZrO, coated MnFe,O4 nanoparticles at 50 and 20 nm scales,
respectively. TEM images show that ZrO, coated MnFe,O4 nanoparticles are spherical in shape and

less agglomerated. Arrow in Fig. 4 (d) indicates the presence of ZrO, coating material.
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Fig. 2: (a) XRD scan of ZrO, coated MnFe,O4 nanoparticles, (b) selected area electron diffraction analyzed by software
“PASAD?”, (c¢) TEM image at 50 nm scale and (d) TEM image of at 20 nm scale for ZrO, coated MnFe,0,

nanoparticles. Arrow in panel (d) indicates the presence of ZrO, coating.



Fig. 3 shows the experimental (blue circles) and simulated (red solid line) zero field cooled
(ZFC)/field cooled (FC) magnetization curves of ZrO, coated MnFe,O, nanoparticles in the

temperature range 5—300 K under applied field of 100 Oe.
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Fig. 3: Experimental (blue circles) and simulated (red solid line) ZFC/FC curves of ZrO, coated MnFe,04

nanoparticles under applied field of 100 Oe.

ZFC curve shows a broad peak at 100 K which represents the average blocking temperature (Tg) of
the nanoparticles. The experimental FC curve (FCgxp ) becomes flat at low temperatures (below 100
K) as compared to simulated FC curve (FCspy) which is due to the presence of interparticle
interactions and/or surface spins disorder. Below Ty (ZFC), the nanoparticles spins are blocked along
their random anisotropy axes and above T, the thermal energy is exceeded to anisotropy energy
barrier and nanoparticles evolve in to the superparamagnetic state, which is also evident by the
converging ZFC and FC curves above Ty [23]. For simulation (represented by red line in Fig. 3), we

have adopted the Neel-Brown relaxation model by taking into account an uniaxial anisotropy [24,



25]. The log-normal distribution function of particle volumes was used for corresponding to their

respective blocking temperatures Ty is given as,

11 <Tp>
(Tg)dTp = Wew( - TTzB)dTB (2)

The relationship between average blocking temperature <Tg> and average particle volume <V> is

r<d>?3 kefy
and <Tp> =

given as:- <V>= <V >  Where d is the diameter of the

T

ksln ()
nanoparticle and Op is the standard deviation in the blocking temperature. The ZFC/FC susceptibility
by a SQUID magnetometer rely on the characteristic measurement time t,,= 100 s as compared to

the atomic spin precession time 1p=10"1"s. For ZFC curve, which only represents the behavior of

non-interacting, ZFC susceptibility is given by [26],

Xzrc(T) = 31:;[1“ (Tfr:)f ﬁf (Tp)dTp+ [ ;of (Tg)dTg] 3)

For a temperature “T”, the 1t and the 2™ terms in the Eq. 3 are for the un-blocked superparamagnetic
(Tg <T) and blocked nanoparticles (Tg >T), respectively. By using the assumptions of the same

model, the FC susceptibility can be written as [26],

xre(T) = 50 (2) 5SS Taf (Ta)dT s + S f(Tp)dT ) @)

The best fit gives the value of effective anisotropy energy-density K = 3x10% erg/cm?® which is
very close to the bulk value (Kyux = 2.5x10% erg/cm?®) and it shows weak contribution of surface
anisotropy [27, 28]. Approximately same size polyvinylpyrrolidone coated MnFe,O4 nanoparticles

showed K= 1.42x10% erg/cm? which is significantly higher than bulk value which is due to strong



magnetic coupling between ordered core and disordered surface spins [29]. Aslibeiki et al.[30]
reported higher K¢ value for triethylene coated MnFe,O,4 and attributed it to size and surface effects.
All these reported results proved that other non-magnetic coating enhanced the surface anisotropy of
MnFe,0,4 nanoparticles and did not overcome the interaction between nanoparticles. However in our
case, ZrO, coated MnFe,O,4 nanoparticles showed K. nearly equal to that of bulk value of MnFe,O,
by reducing the interactions among the nanoparticles. The FCgxp. and FCgpyy. curves a show difference
which arises because our model covers only non-interacting particles. The FCgxp, curve tends to
saturate below Ty which is typical for interacting particles and hint for the presence of super spin-

glass state.

Fig. 4 (a), (b) and (c) shows the M-H loop at 5 K, T-dependent saturation magnetization (Mg)
with the “Bloch’s law” fit (red dashed line) and T-dependent coercivity (H¢) of ZrO, coated MnFe,0,

nanoparticles, respectively.
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Fig. 4: (a) M-H loop at 5 K with inset which shows the expanded view of coercivity region, (b) T-dependent
saturation magnetization of ZrO, coated MnFe,O, nanoparticles fitted with Bloch’s law (red dashed line) and (c) T-

dependent coercivity of ZrO, coated MnFe,O, nanoparticles.

It is evident that the M-H loop at 5 K is not saturated even at high field of + 5T. The non-
saturation of magnetization in small ferrite nanoparticles is due to uncompensated disordered surface
spins which require rather high field to saturate as compared to aligned core spins. It has been reported
that MnFe,O, nanoparticles showed superparamagnetic behavior at 50 nm [31]. Above 100 K,
coercivity gets vanish (Hc — 0 Oe) which indicates the presence of superparamagnetic state and it is
in accordance with the average blocking temperature Tg = 100 Oe as obtained from the ZFC/FC. The
maximum value of Mg was found at 5 K [Ms (5 K) = 20.29 emu/g] which is well below the bulk

value [Mg = 80 emu/g]. The reduction of Mg value in ferrite nanoparticles is well understood and is
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attributed to disordered surface spins. The Mg value decreases with increasing temperature which is
due to a more randomly oriented spin structure at high temperatures [32-34].

The Mg value exhibits a monotonous increase toward T— 0 K and excitation of spin waves is
responsible for this behavior. Bloch’s law as given in Eq. 5 usually explains the temperature
dependent saturation magnetization (Ms) of bulk ferromagnetic material,

Ms(T) = Ms(0)(1 - BT") (5)
Where Mg (0) is the extrapolated Mg value at 0 K, B is the Bloch’s constant and b is Bloch’s exponent
(for bulk material b = 1.5). Usually nanoparticles show deviation from Bloch’s law at low
temperatures due to presence of interparticle interactions, finite size effects and disordered surface
spins [35, 36]. Fig. 4 (b) shows the Bloch’s law fit for Mg vs. T data by using Eq. 5. The best fit
shows divergence at low temperatures due to the sharp increase of Mg at 5 K. Usually Mg shows
saturation or even decreasing behavior at low temperatures for ferrite nanoparticles having intense
surface spins disorder [37, 38]. In our case, Mg increases monotonically with lowering temperature
which is caused by reduced surface spins disorder due to ZrO, coating. The fitted parameters for the
Bloch’s law are B = 0.06 K® and b = 0.38 respectively. The increased value of B is due to decrease
in e[ Jective exchange coupling (J) in these nanoparticles and smaller value of b is due to finite size
effects.

In Fig. 4 (¢), it is revealed that H¢ exhibits a sharp increase below 25 K which is due to surface
spin freezing which gives contribution of additional surface anisotropy at low temperatures. Dipolar-
interactions between particles, size distributions and structural inhomogeneity can also affect the Hc
of ferrite nanoparticles. We have tried to fit our experimental data with Kneller’s law but the fitting

failed due to sharp increase of Hc at low temperatures. The same results were reported by Shendurk
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et al. [39] during the study of Hc of y-Fe,O; nanoparticles fitted with Kneller’s law. They reported
that temperature dependency of anisotropy and surface effects are responsible for such behavior.
We have also measured the ac susceptibility to understand the ac dynamics of the MnFe,0,
nanoparticles. Coating can influence the frequency dependent ac susceptibility and also effect the
blocking temperature of nanoparticles. Generally, the relaxation time of blocked nanoparticles is
mainly determined by the energy barrier (E, = K.V) and the magnetic state of nano-magnets could
be interrogated by the frequency sweep (o =1/t,,) of ac susceptibility measurements. Fig. 5 (a, b)
shows the in-phase (y') and out-of-phase part (") of ac susceptibility from 5 to 300 K under an ac

applied field of 5 Oe at frequencies (f) = 1, 10, 100 and 1000 Hz.
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Fig. 5: (a) In-phase, (b) out-of-phase part of ac susceptibility at various excitation frequencies and (c) Arrhenius law fit
for ZrO, coated MnFe,O,4 nanoparticles.
The Tg peak increases with increasing frequency due to the change of probing time (t,, = 1/®) with
applied frequency. For i/, the Ty shifts from 134 to 165 K as the frequency is increased from 1 Hz to
1000 Hz. The Ty value in ZFC/FC scan (Fig. 3) was about 100 K, lower than the Ty found in ac
susceptibility, which is due to the Tp-shift by the applied DC-field Hge = 100 Oe in ZFC/FC
measurement, which is missing in ac susceptibility measurement. The maximum of " reflects the
energy dissipation in the system. This " peak lies near the turning point of in-phase part of ac
susceptibility (according to Hilbert transform), is therefore always left from the maximum peak of y'
for log-norm distributed volumes, therefore the evaluation of out-of-phase part reflects much better
the relaxation time 7 for fitting the various relaxation models. For complete description of dynamics
of our nanoparticles, we have tried to fit the f-dependent shift of the Tg-peak in the x" by using
Arrhenius law which is used for thermal excitation of single-barrier blocked non-interacting particles

and can be written as

Eq
Tm = ToeXp (ir,) (6)

Where “E,”, “kg”, “Tg” and “1,” represent the activation energy, Boltzmann constant, blocking
temperature deduced from ac susceptibility and the atomic spin-flip time of nanoparticles,
respectively [40]. The values of parameters as deduced from such a fit are t,=1.24 x10"4s and E/kp=
3005 K. It shows that our nanoparticles do not exactly follow Arrhenius law but the slightly lower
value of 1, showed the existence of weak interparticle interactions in our nanoparticles [41, 42]. In
the literature, the frequency dependent ac susceptibility study of bare and tri-ethylene glycol coated
MnFe,O, nanoparticles showed super spin-glass state due to strong interactions among the

nanoparticles [43-46]. However, our ac susceptibility data proved that ZrO, coating has reduced the
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surface disorder and interactions between MnFe,O,4 nanoparticles and prevents them to create a spin-

glass behaviour.

Superparamagnetism and spin-glass behaviour can be distinguishable by analysing ZFC and
FC relaxation curves. Superparamagnetic system shows slow spin relaxation in only FC, while spin-
glass system exhibits slow relaxation in both ZFC and FC protocols. Therefore, we have done only
ZFC relaxation curve which is specific for a spin-glass system. However, in addition to spin-glass
systems, some other disordered systems can also show slow spin relaxation in FC protocol that can
be analysed by shape parameter found in different relaxation laws. For different disordered systems,
the shape parameter (B) lies between 0 and 1. The B value for spin-glass system lies in the range of
0.2t0 0.6 [47]. Wang et al. [48] reported the value of shape parameter (f = 0.52) during the study of
spin glass state in La-Fe-Mn-Si alloy which lie at below freezing temperature. Therefore, spin glass
state depends on the value of shape parameter 5. To investigate the possibility of spin-glass state in
our nanoparticles, we have measured only magnetic relaxation below Ty after ZFC protocol, which
is typical for disorder or spin-glass system. Fig. 6 shows the magnetic relaxation curve of ZrO, coated
MnFe,0y, after zero-field-cooling at T = 5 K and subsequent switch-on of a magnetic field of 100 Oe.
It reveals slow spin “creeping” which is probably due to surface disorder and magnetic frustration.
Commonly two models are used to fit the magnetic relaxation data namely logarithmic relaxation
decay and stretched exponential decay model [49]. We have used stretched exponential law to fit the

relaxation curve given as:
M= My—(My-M — (t/o)f 7
2= (Mz-My)exp [- (Y7)7] (7

Where, M, and M, are the final and initial magnetization values of the relaxation data, t is used for

the mean relaxation time and 3 represents the shape parameter.
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Fig. 6: Magnetic relaxation curve of ZrO, coated MnFe,O, after zero-field-cooling at T = 5 K, a subsequent switch-on

of a magnetic field of 100 Oe.

The best fit of Eq. 8 reveals parameters T = 3149 s and = 0.7. The fitted shape parameter
value (B = 0.7) lies outside the spin-glass regime (0.2 — 0.6). The higher value of B shows that our
system does not fall in spin-glass state but the presence of slow relaxation in ZFC protocol cannot
exclude the existence of disorder in our system. However, this disorder is not significant to produce
a spin-glass state, which is consistent with effective anisotropy constant close to the bulk value, sharp
increase of Mg at low temperatures and spin-flip time in Arrhenius law fit. Therefore, our
nanoparticles exhibit weak interparticle interactions and weak surface disorder which are not

sufficient to produce spin-glass state (surface or super spin-glass state). The reduction in interparticle
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interactions and weak surface effects are probably caused by ZrO, coating in these fine MnFe,O4

nanoparticles.

Conclusions

MnFe,O,4 nanoparticles coated by ZrO, were successfully synthesized by using microwave
plasma synthesis method. XRD analysis confirmed the crystalline MnFe,O, and ZrO, phases which
are further signified by selected area electron diffraction evaluation. Flattening of FCgxp curve
showed an existence of weak interparticle interactions. The simulated K = 3x10% erg/cm? value is
slightly higher than the bulk value which ensures the weak surface anisotropy in these nanoparticles.
Saturation magnetization showed an increased value at low temperature due to the reduced surface
spins disorder caused by ZrO, coating. Arrhenius law fit provided the value of spin flip time (t, =1.24
x 10-1*s) close to atomic spin-flip time and is attributed to weak interparticle interactions. The value
of shape parameter in ZFC relaxation curve revealed the existence of disorder but no spin-glass state.
In conclusion, ZrO, coated fine MnFe, 0,4 nanoparticles exhibit reduced interparticle interactions and
surface effects which were not sufficient to produce spin-glass behaviour and all this is attributed to

non-magnetic ZrO, coating.
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