Reduced surface spin disorder in ZrO, coated y-Fe,O3; nanoparticles
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ABSTRACT

Surface spin disorder in microwave plasma synthesized zirconium dioxide (ZrO,) coated maghemite (y-Fe,O3)
nanoparticles have been studied by using AC and DC magnetic measurements. The inverse spinel structure of vy-
Fe,03 was confirmed by X-ray diffraction. The calculated average crystallite size of y-Fe,O3 and ZrO, phase was
about 13 and 6 nm, respectively. Zero field cooled/field cooled measurements revealed average blocking tem-
perature at 65 K. The fitted value of K. deduced from simulation was higher than that of bulk y-Fe,O3 magneto-
crystalline anisotropy which is mainly due to surface spin disorder. However, it was lower than the reported
value for uncoated y-Fe,O3; nanoparticles, which is due to reduction in surface effects and interparticle inter-
actions in ZrO, coated nanoparticles. Below 25K, a sharp increase in saturation magnetization was observed
which is due to extra contribution of frozen surface spins to magnetism at low temperatures. The coercivity also
showed a sharp increase below 25K, which is due to presence of strong core-surface interactions at low tem-
peratures. For AC susceptibility, Arrhenius law fit revealed weak interactions among the nanoparticles which
were not strong enough to create a spin-glass state. In summary, ZrO, coated y-Fe,Oz nanoparticles showed
reduced surface spin disorder and weak interparticle interactions which is due to non-magnetic ZrO, coating.

1. Introduction

Magnetic nanoparticles exhibit different magnetic properties as
compared to their bulk materials which depend upon the size, shape
and preparation technique/chemistry of the materials [1]. In fine
magnetic nanoparticles, large surface to volume ratio creates dis
ordered surface spins, which alter their magnetic properties. The sur
face spin disorder arises due to broken super exchange interactions at
the nanoparticle's surface that produces magnetic disorder and ex
change frustration at the nanoparticle's surface. The nanoparticle's
surface with deficient oxygen also leads to the broken exchange bonds
[2] that can produce a spin glass like state with high anisotropy [3 5].
A spin glass is a magnetically disordered state which exhibits high
magnetic frustration in which each electron/atom spin freezes in a
random direction below a spin glass freezing temperature [6,7].

Among different oxides of iron, maghemite (y Fe;O3) is one of the
most important oxide due to its diverse and remarable properties like
high Cuire temperature, non toxity, and chemical stability which makes
it promising candidate for many applications such as in ferro fluids,
biomedical, data storage, and magnetic tunneling barrier [8,9]. At
nano scale, the existence of surface spin disoder caused by finite size
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effects usually influences the physical properties of the y Fe;O3 nano
particles. Millan et al. [10] reported decreased magnetization in un
coated y Fe;O3 nanoparticles due to the presence of magnetically dis
ordered surface layer. Parker et al. [11] observed a spin glass state in
uncoated y Fe,O3 nanoparticles and attributed it to the strong inter
particle interactions. Martinez et al. [12] also reported spin glass be
havior in y Fe,O3 nanoparticles at low temperatures and attributed it to
pinning effect of the frozen spins at the nanoparticle's surface.
Uncoated y Fe;O3 nanoparticles usually show agglomeration which
is the effect of accumulative forces among the nanoparticles [13].
Therefore, certain specific surface protection strategies are needed to
attain the stability of these nanoparticles by using suitable surface
coating with specific materials either by polymers, magnetic or non
magnetic material. Non magnetic coating can reduce/enhanced the
magnetization or spin glass behavior and avoid agglomeration of na
noparticles [14]. Therefore, it is important to coat the nanoparticles
with suitable material to minimize the surface energy of the nano
particles and weaken the strength of interactions among nanoparticles.
Novotna et al. [15] prepared oleic acid coated y Fe,O3 nanoparticles
and reported that oleic acid reduces the interparticle magnetic inter
actions. Girija et al. [16] proposed that ZrO, coating not only protects
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the magnetic nanoparticles from possible oxidation in surrounding
environment but also reduces the interparticle dipolar interactions.

In this article, we have chosen a non magnetic material zirconium
dioxide (ZrO,) for coating because it has interesting properties in
cluding low toxity and high thermal stability. It also acts as a good
insulating material that can reduced the agglomeration of nano
particles. It can exist in three phases which are strongly temperature
dependent, these phases are monoclinic, cubic and tetragonal [17 19].
Our prime emphasis was to study the surface spin disorder in ZrO,
coated y Fe,O3 nanoparticles by using AC and DC magnetization mea
surements.

2. Experimental

Microwave plasma synthesis technique has been used to synthesized
ZrO, coated y Fe,O3 nanoparticles. The complete synthesis process is
explained elsewhere [20]. Structural analysis of ZrO, coated y Fe,O3
nanoparticles was studied by using X ray powder diffraction (XRD)
done by Bruker D8 Advance instrument by  using
Cu — Ka (A = 0.154 nm) radiation. Transmission electron microscopy
(TEM) was used for the imaging of nanoparticles. Magnetic measure
ments (AC and DC) were done by using superconducting quantum in
terface device (SQUID from Quantum Design, MPMS XL 7) magneto
metry. The percentage of non magnetic ZrO, and magnetic y Fe;O3
phase was calculated from XRD relative intensities, and the contribu
tion of ZrO, phase was subtracted from all the magnetization mea
surements.

3. Results and discussion

X ray diffraction (XRD) is an important technique for finding the
phase and average crystallite size of the nanoparticles. Fig. 1 (a) shows
the XRD scan of ZrO, coated y Fe,O3 nanoparticles. We have used
aluminum substrate for XRD measurement. The XRD peaks at (111),
(220), (311), (511) and (440) correspond to y Fe,Os; nanoparticles
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phase as confirmed by JCPDS card # 39 1346. A peak at 26.1° (211) is
observed which is referred to magnetite [21]. The XRD peaks at (101),
(100), (112) and (202) shows the presence of t ZrO, phase [22] as
confirmed by JCPDS card # 80 0965. The miller indices (111), (200)
and (220) correspond to the out of scale peaks at angles 38.5°, 45° and
65°, respectively are specific for aluminum substrate. The percentage of
y Fe,03 and ZrO, phase has been estimated by XRD relative intensities,
which comes out 32 and 68% for y Fe,O3 and ZrO,, respectively. The
average crystallite size was about 13 and 6 nm for y Fe;O3; and ZrO,
phases, respectively as calculated by using Debye Scherrer's formula as
given below,
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Transmission electron microscopy (TEM) is a useful technique to
study of shape and size of the nanoparticles. TEM image of ZrO, coated
y Fe;O3 nanoparticles at the scale of 20 nm is shown in Fig. 1 (c). It
shows that the nanoparticles are nearly spherical and less agglomer
ated. The particle size distribution is calculated from TEM images by
using a software ImagJ and fitted with Gaussian distribution function as
illustrated in Fig. 1 (d). The best fit of Gaussian best fit gives the
average particle size of about 10.16 = 0.16 nm.

Fig. 2 shows the experimental and simulated temperature depen
dent zerofieldcooled (ZFC)/fieldcooled (FC) dc magnetization curves
under the applied field of 50 Oe.

For measuring ZFC curve, the sample is ZFC to 5K in zero applied
field and then magnetization is measured on increasing temperature
after an application of 50 Oe magnetic field. For FC curve, the sample is
field cooled from 300 K under the same applied field and magnetization
is measured on decreasing temperature. The ZFC curve shows a max
imum around 65 K, which is the average blocking temperature (Tg) of
the nanoparticles. The magnetic nanoparticles become thermally un
stable for T > Ty and show superparamagnetic behavior [23]. We have
done simulation of ZFC/FC curves by adopting a Néel Brown relaxation
model of uniaxial anisotropy. The log normal distribution function (V)

Fig. 1. (a) XRD scan of ZrO, coated y-Fe;O3
nanoparticles, (b) JCPDS cards for y-Fe;O3
and ZrO,, (¢) TEM image of ZrO, coated y-
Fe,O3 nanoparticles at 20 nm scale and (d)
particle size distribution from TEM images
fitted with Gaussian distribution (red line).
(For interpretation of the references to
colour in this figure legend, the reader is
referred to the Web version of this article.)
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Fig. 2. Black solid up triangles represent the experimental data, while red solid
lines are the simulated ZFC/FC curves of ZrO, coated y-Fe,Os; nanoparticles.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

is used for the volume distribution and translated to the corresponding f
(Ts) for blocking temperatures T and is given by,
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Where <Tg> is an average blocking temperature, and orp is the broad
ening (standard deviation) of the Ty distribution. The relationship be
tween V and Ty is K-V = In (tn/70) kgTs = 25kgTs.

The ZFC/FC curves taken by a SQUID magnetometer rely on the
characteristics measuring time (per temperature step) T, = 100s in
relation with the atomic spin precession time 7, = 10~° 10~ 25,

By using Neel Brown relaxation model, the ZFC susceptibility can be
written as [24],
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For a particular temperature “T”, the first and the second term
correspond to unblocked superparamagnetic and blocked particles, re
spectively.

FC susceptibility is given by the same model is [24],
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The simulated ZFC/FC curves showed that the values obtained for
effective anisotropy constant (K.;) and average particle size are
(1.5 = 1) x 10°erg/cm® and 11.8 + 0.5nm, respectively. The higher
value of simulated K. as compared to bulk vy Fey,O5
Kpu = 4.7 x 10* erg/cms) [25] is due to the fact that the model does
not takes into account the surface anisotropy: Keg = Kpuix + Ksurface/
<d)>. The average crystallite size as obtained from simulated curve is in
agreement with the TEM analysis [26]. Uncoated bare y Fe,O3 nano
particles as prepared by the same method were reported with enhanced
Ko value (9.8 x 10° erg/cms) [27]. Here ZrO, coating affects the K
but is smaller than the K¢ of bare y Fe,O3 nanoparticles prepared by
same method [27], which is attributed to weak dipolar interactions and
surface effects in ZrO, coated y Fe,O3; nanoparticles. The experimental
FC curve becomes flattened just below Ty which is mainly due to the
presence of interparticle interactions [28]. The discrepancy in the ex
perimental and simulated FC curves is due to the fact that model con
siders only non interacting particles.

Fig. 3 (a) and (b) shows the M H loop at 5 K and M H partial loops at
different temperatures ranging from 5 to 250 K, respectively.

It is evident that M H loops are not completely saturated even at 5T,
which is due to presence of disordered frozen surface spins. Here the
frozen and random/disordered surface spins exhibit strong interactions
with each other i.e. core and surface spins. At 5K, the higher value of
coercivity (H.) is related to the onset of surface magnetic anisotropy
caused by frozen disordered surface spins. Fig. 3(a) shows that M has
maximum value of about 25.1 emu/g (after subtraction of mass per
centage (g) of non magnetic ZrO, phase) at 5T, which is less than the
bulk value of y Fe;O3; (80 emu/g) and is mainly due to disordered
surface spin structure originated from size reduction [29,30]. Kodama
et al. [31] presented a computational model on disordered spin freezing
at the surface of ferrite nanoparticles and they reported that randomly
arranged spins are responsible in M; reduction [32]. Such a decrease in
M; value with decreasing nanoparticle’s size is typical for ferrite na
noparticles and is attributed to disordered surface spins [33].
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Fig. 3. (a) M-H loop at 5K with an inset which shows the H, region and (b) M-H partial loops of ZrO, coated y-Fe,O3 nanoparticles at different temperatures.
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Fig. 4. (a) Variation of saturation magnetization for ZrO, coated y-Fe,O3 na-
noparticles with “Bloch's law” fit (red dashed line), and (b) variation of coer-
civity for ZrO, coated y-Fe,O3; nanoparticles. (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the Web version of
this article.)

Fig. 4 (a) shows the temperature dependent saturation magnetiza
tion (M) ranging from 5 to 250 K. For saturating ferromagnetic/fer
romagnetic materials below T, M, follows the Bloch's law [34] as given
below,

Ms(T) = Ms(0)(1 — BT?) (5)

Where M; (T), M; (0), B and b represents the temperature dependent
saturation magnetization, spontaneous magnetization obtained by extra
plotting to 0K, Bloch's constant and the Bloch's exponent, respectively.
The Bloch's law is usually effective for ferromagnetic/ferrimagnetic
bulk materials, in which excitation of spin waves are responsible for
temperature dependent magnetization [34 36].

It is observed that the M; increases sharply below 25 K. In fact, ZrO,
coating eases the alignment of core shell and surface spins with an
external magnetic field at low temperatures especially at 5K [37]. This
kind of sharp increase in M is not reported for bare y Fe;O3 nano
particles prepared by the same method [28]. The increase in Mg sug
gests the reduction in surface effects in these nanoparticles, which is
probably due to non magnetic ZrO, coating. Bloch's law fails to fit at
lower temperatures due to sharp increase in M; value. The fit gives a
Bloch's exponent value b = 0.2 = 0.02 which is much lower than the
bulk value (b = 1.5). Fig. 4 (b) shows the variation of coercivity (H,.)
with temperature for ZrO, coated y Fe,O3; nanoparticles. The H, also
shows a sharp pronounced increase below 25K, which is attributed to
the strong surface anisotropy contribution of the disordered frozen
surface spins because surface spins get blocked at rather low tempera
tures than huge nanoparticle’s core spin. Therefore strong surface ani
sotropy and surface structural inhomogeneity affect the coercivity of

ferrite nanoparticles. The Kneller’s law was used to fit the H. T data but
it completely failed due to a sharp increase of H. below 25 K [38].

For the investigation of dynamics response of the nanoparticles, AC
susceptibility measurements were taken at different frequencies. These
measurements give us information about the phase transitions in or
dered state, spin reorientation/metamagnetic transitions, change in
anisotropy energy and magnetic state of blocked nanoparticles in de
pendence of the varying frequency dependent measuring time t,,, = 1/f.
Fig. 5 (a) and (b) shows the temperature dependent in phase and out of
phase AC susceptibility, respectively for ZrO, coated y Fe,Os; nano
particles at different frequencies (f) = 1, 10, 100, and 1000 Hz.

The in phase AC susceptibility shows an increase in Ty from 77 K to
102 K with varying frequency from 1 to 1000 Hz. Interparticle inter
actions and surface spin disorder are mainly responsible for such a
small variation in Ty with increasing frequency. The frequency shift of
Tg can be due to superparamagnetic, spin glass state and interparticle
interactions in these nanoparticles [39]. The out of phase part of AC
susceptibility also shows a small variation in Tp with frequency as
shown in Fig. 5(b). The f shift of Ty is further investigated by as Ar
rhenius law as shown in Fig. 5 (c). The Arrhenius law is valid for non
interacting monodispersed nanoparticles having uniaxial anisotropy
energy barrier, given as [40]

(B )

Tn = To ekakB TB) (6)

Where 1, is the measuring spin flip time, 1, is the atomic spin flip time
ranges from 10~ ° to 10~ '?s, E, indicates the anisotropy energy and
kpTg is the thermal energy [37,41]. From Arrhenius law fit, we deduced
the values for activation energy and atomic spin flip time which are
2228 + 256K and 3 x 1073 + 1075, respectively. It shows that
these ZrO, coated nanoparticles do not completely follow thermally
activated Arrhenius law but a slight lower value of o ensures the ex
istence of weak interparticle interactions in these nanoparticles
[42 44].

4. Conclusions

The crystalline ZrO, and y Fe,O3 phases were confirmed by the XRD
analysis. Temperature dependent ZFC/FC curves revealed Ty of the
nanoparticles at 65 K under an applied field of 50 Oe. The simulation of
ZFC/FC curves revealed a higher value of K. as compared to bulk y
Fe,O3; but lower than the reported uncoated y Fe,O; nanoparticles
prepared by the same method. It ensures the existence of surface spin
disorder in these ZrO, coated nanoparticles but is weaker than in the
uncoated maghemite nanoparticles and it is attributed to the ZrO,
coating. Saturation magnetization revealed a lower value (25.1 emu/g)
as compared to that of bulk value (80 emu/g), which is attributed to
disordered surface spins. The sharp increased value of M below 25 K is
due to reduced surface spin disorder in these nanoparticles. A sharp
increase in H, below 25 K is mainly due to the existence of strong core
shell interactions. The Arrhenius law fitting reveals a value of spin flip
time (t,) = 3 x 10~ '®s, which is near to atomic spin flip time (10~ °to
10~ '2 ) and is attributed to weak interparticle interactions. The main
influence of ZrO, coating on vy Fe;O3 nanoparticles is to reduce the
surface spin disorder and interparticle interactions as compared to
uncoated vy Fe;O3 nanoparticles. In conclusion, ZrO, surface coating
can be beneficial in controlling the magnetism of soft magnetic nano
particles and stabilizing the nano magnetic blocking behavior by
avoiding agglomeration for diverse applications.
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Fig. 5. (a) and (b) are in-phase and out-of-phase AC susceptibility at different frequencies, respectively and (c¢) Arrhenius law fit for ZrO, coated y-Fe,O3; nano-

particles.
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