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Abstract: Understanding saturation magnetization and its behavior with particle size and
temperature are essential for medical applications such magnetic hyperthermia. We report the effect
of shell thickness and field cooling on the saturation magnetization and its behavior with
temperature in FesOs/y-Fe:0s core/shell nanoparticles of fixed core diameter (8 nm) and several shell
thicknesses. X-ray diffraction (XRD) analysis and transmission electron microscopy (TEM, high-
resolution transmission electron microscopy (HRTEM)) were used to investigate the phase and the
morphology of the samples. Selected area electron diffraction (SAED) confirmed the core/shell
structure and phases. Using a SQUID (San Diego, CA, USA), magnetic measurements were
conducted in the temperature range of 2 to 300 K both under zero field-cooling (ZFC) and field-
cooling (FC) protocols at several field-cooling values. In the ZFC state, considerable enhancement
of saturation magnetization was obtained with the increase of shell thickness. After field cooling,
we observed a drastic enhancement of the saturation magnetization in one sample up to 120 emu/g
(50% larger than the bulk value). In both the FC and ZFC states, considerable deviations from the
original Bloch’s law were observed. These results are discussed and attributed to the existence of
interface spin-glass clusters which are modified by the changes in the shell thickness and the field-
cooling.
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1. Introduction

Magnetic nanoparticles have drawn large interest due to their applications in the field of
magnetic recording and other areas [1,2]. The unique magnetic behaviour exposed these materials to
a very wide range of medical applications such as drug delivery systems [3], magnetic resonance
imaging (MRI) [4-7], and for cancer therapy [8]. Due to several factors [5,6], the superparamagnetic
iron oxide nanoparticles (SPIONs) such as magnetite (FesOs) and maghemite (y-Fe2Os) are being
studied extensively for medical field applications. The magnetic nanoparticles exhibit interesting
magnetic behavior due to finite size effects such as high surface-to-volume ratio, and different crystal
structures. When the size of the particle decreases, the surface to volume ratio increases causing a
large portion of the atoms to be at the surface compared to those in the core of the particle. This large
surface to volume ratio changes the physical, chemical, and mechanical properties compared to those
of the bulk materials. The magnetic nanoparticles are assumed to be a single domain particle with
uniaxial anisotropy where the orientation of its magnetic moment points “up” or “down” in a zero
field along the easy axis. Below a critical size, the magnetic nanoparticles become a single magnetic
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domain and retain a superparamagnetic behavior as long as the temperature is above the blocking
temperature. In the superparamagnetic state, the magnetization vectors of the nanoparticles fluctuate
along the easy axis of magnetization, inducing a large magnetic moment in each nanoparticle. These
magnetic moments continuously change their orientations. When a magnetic field is applied
externally, superparamagnetic particles exhibit a fast response to changes of magnetic field with zero
remnant magnetization and zero coercivity. Thus, in the superparamagnetic region, a magnetic
nanoparticle behaves as a large paramagnetic atom. In case of a temperature below the blocking
temperature (Ts), the thermal agitation will not be large enough to cause fluctuations in the magnetic
moments of the nanoparticles where they freeze in random orientations very similar to the
ferromagnetic state. However, the surface atoms experience a different environment than those on
the core of the particle. The surface magnetization is controlled by several parameters such as atomic
vacancies, change in atomic coordination, dangling bonds, and lattice disorder [9-21]. These
parameters result in disordered surface spins. The magnetic nanoparticles assembly exhibit
hysteresis for T < Ts and a non-hysteric behavior for T > Ts. The magnetic behavior for the
monodispersed and non-interacting single domain magnetic particles can be explained on the basis
of Néel relaxation and the Bean-Livingston approaches. Saturation magnetization (Ms), decreases
with the cube root of temperature, which is called Bloch’s law.

One important application of magnetic nanoparticles is magnetic hyperthermia, where the living
organ can be heated to a temperature large enough to destroy tumor cells while not affecting healthy
ones [6]. This heating process can be achieved by inserting magnetic nanoparticles in the cells and
exposing them to an alternating magnetic field. The amount of heat generated by heating the
nanoparticles depends on several factors [6]. Most models that are used to understand the heating
process are based on Rosensweig’s theory [22] where, as an approximation, the saturation
magnetization is considered to be constant with temperature. However, it is well-established that the
saturation magnetization of nanoparticles changes significantly with temperature [23-28].

Core/shell nanoparticles can provide a mechanism of tuning the magnetization of nanoparticles
by controlling the core and shell sizes and phases. The temperature dependence of magnetization can
also be influenced by the atomic nature of the core/shell interface where interface magnetic
anisotropy is introduced and may vary the total magnetic anisotropy of the particle significantly [6].
For core/shell nanoparticles, magnetic properties are very interesting. The magnetic properties of
such a core/shell system can be tuned by changing the shell material and dimensions. Recently,
tremendous efforts have paved the way to control magnetic properties by varying the core/shell
phase compositions, shape, and dimensions [29-35]. Though, there are reports regarding the
magnetic effect in different core/shell systems, the effect of shell thickness and field cooling on Ms
and its temperature dependence, Ms(T) in ferrimagnetic/ferrimagnetic core/shell system was not
reported (in our understanding). In this work, we have conducted detailed magnetic measurements
on Fe3Os/y-Fe20s core/shell nanoparticles of fixed core diameter and variable shell thickness. The core
diameter of all samples is 8§ nm, while the shell thickness was varied from 1 to 5 nm. We investigated
the effect of shell thicknesses and field cooling on Ms and Ms(T).

2. Materials and Methods

We have synthesized iron oxide FesOs/y-Fe20s core/shell nanoparticles through the usual co-
precipitation method. The FeCls-6H20 (0.1 M) and FeCl>4H:0 (0.05 M) were used as precursor
materials. The precursor materials were dissolved in deionized water separately and mixed at room
temperature after which ammonium hydroxide solution (25%) was slowly added until PH reached
10. The mixed solution was kept at 80 °C and the reaction was made to occur in atmospheric pressure.
The reaction time was varied between 1 and 3 h to get different size nanoparticles (reaction times of
1, 2 and 3 h resulted in shell thicknesses of 1, 3 and 5 nm, respectively). The final precipitation was
collected and dried at 120 °C in vacuum. There are two main parameters in our synthesis method, (1)
the reaction time and (2) the diffusion time. The reaction time was varied to obtain different initial
particle diameters. The atomic oxygen plays a major role inducing y-Fe20s phase. This is due to the
direct logarithmic kinetic diffusion with a logarithmic relation between y-Fe2Os thicknesses versus
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oxygen exposure time [36]. The diffusion was allowed to occur in an ambient atmosphere (in the
presence of oxygen). In this way, the reaction mechanism which involves inward anionic diffusion is
responsible for the occurrence of y-Fe20s phase at the core surface. The diffusion time was varied to
obtain different y-Fe:0s shell thicknesses. By trial and error, we have optimized these two parameters
to obtain fixed core and different shell thicknesses. The larger the reaction time, the larger is the initial
particle size. The larger the oxidation (diffusion) time, the larger is the oxidized layer (shell thickness).
Thus, to obtain larger/smaller shell thickness, we started with larger/smaller particles (longer/shorter
reaction times) and allowed for longer/shorter diffusion times. By optimizing these two parameters
we were able to determine the suitable initial particle size for each diffusion time such that we
obtained a fixed core for each case [37]. We found that when the reaction time is 1 h and the diffusion
time is 1 h the core diameter is 8 nm and the shell thickness is 1 nm. When the reaction time is 2 h
and the diffusion time is 2 h, the core diameter is 8 nm and the shell thickness is 3 nm. When the
reaction time is 3 h and the diffusion time is 3 h, the core diameter is 8 nm and the shell thickness is
5nm.

The X-ray diffraction (XRD) analysis was conducted using a PANalytical X'Pert Pro (Almelo,
The Netherlands) X-ray diffractometer. The morphology of the nanoparticles were confirmed by high
resolution transmission electron microscopy (HRTEM), and selected area electron diffraction (SAED).
The transmission electron microscopy (TEM) measurements were performed using an FEI, TECNAI
G2 F30, S-TWIN (GG Eindhoven, The Netherlands) microscope operating at 300 kV equipped with a
GATAN Orius SC1000B CCD camera (GG Eindhoven, The Netherlands). A SQUID (San Diego, CA,
USA) from Quantum Design, was used to conduct the magnetic measurements. Magnetic moment
versus applied magnetic field up to +3 T was measured for all the samples at several temperatures (2,
10, 30, 50, 70 and 100 K) after cooling the samples in the zero-field cooled (ZFC) and field-cooled (FC)
states. The samples with shell thicknesses of 1, 3 and 5 nm are named as S1, S2 and S3, respectively.

3. Results and Discussion

3.1. Structural and Morphological Analysis

The phase purity of the FesOu/y-Fe20s core/shell nanoparticle samples was confirmed by XRD
analysis. The pattern is presented for 20 ranging from 20° to 70° along with all the peaks indexed
according to the Fe3Os core and shown in Figure 1a. We did not observe any signature of secondary
phases, which confirms the phase purity of our samples. The XRD peak due to (311) plane for both
FesOs and y-Fe20s phases were found to overlap with each other whereas the peaks due to (511),
(422), (311), (220) and (440) lattice planes corresponding to FesO4 core phase were clearly visible.

The particles in all samples were observed to be almost spherical in shape. Figure 2 displays the
TEM images and the particle size histograms of the three samples. The particle size histograms were
obtained from TEM measurements on many particles. Some aggregations can be observed in the TEM
images. The average particle sizes calculated from the TEM images for samples S1, S2 and S3 samples
were found to be 9 nm, 11 nm and 13 nm, respectively. The particle sizes were also obtained from the
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5 cost’ where Dr is the average crystallite size, A is

the X-ray wavelength, g is the full width of half maximum (FWHM) of the XRD line, and 6 is the
Brag’s angle. The average particle sizes calculated from Scherrer’s formula were found to be 9 nm, 11
nm and 13 nm, for samples S1, S2 and S3, respectively, which exactly match the average particle sizes

XRD patterns by using Scherrer’s formula; Dp =

obtained from the TEM measurements. The average core and shell dimensions were obtained from
several HRTEM images. The core diameters were found to be approximately 8 nm for all the samples.
In addition to XRD analysis, the structure and morphology of the nanoparticles were investigated
using several microscopy tools such as high resolution transmission electron microscopy (HRTEM),
and selected area electron diffraction (SAED). The average shell thicknesses for samples, S1, S2 and
53 were found to be 1, 3 and 5 nm, respectively. Figure 1b displays the HRTEM and SAED images of
sample S2. Similar HRTEM images were obtained for the other samples as displayed in Figure 1c,d.
In the HRTEM images, the core appeared darker than the shell and thus displaying the core/shell
structure of the nanoparticles. The high crystalline nature of the cores of the nanoparticles are clearly
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observed in Figure 1b. The FesOs/y-Fe:0s core/shell structure of the nanoparticles were confirmed
from the selected area electron diffraction (SAED) patterns. A representative of the SAED patterns is
shown in Figure le for sample S2. The ring type pattern shown in Figure le ascertains the
polycrystalline nature of the sample is also confirmed by this figure. The presence of FesOs and -
Fe20:s crystal planes forming the core/shell structure. The highest intensity peaks (311) for both Fe:Os
and y-Fe20s phases were observed for d =0.253 nm and 0.252 nm, respectively. This indicates that the
(311) plane observed in Figure 1le corresponds to the superimposed planes of both the phases. The
(511), (422), (311) and (220) planes of FesOs corresponding to 4 = 0.161, 0.171, 0.253 and 0.296 nm,
respectively, in addition to the (321) and (221) planes of y-Fe20s corresponding to d = 0.253 nm and
0.278 nm, respectively, are all present in Figure le. This clearly confirms that our core/shell
nanoparticles are FesOs/y-Fe20s3 nanoparticles [37].

(a) 53

Intensity (a.u)

(222) (331)

Figure 1. (a) The X-ray diffraction (XRD) patterns of FesOs/y-Fe20s core/shell nanoparticles for all
samples; (b) the high-resolution transmission electron microscopy (HRTEM) image of sample S1; (c)
the HRTEM image of sample S2 (d) the HRTEM image of sample S3; (e) selected area electron
diffraction (SAED) images of sample S2. (Reproduced from [37]. Copyright Obaidat, .M., et al., 2017.).
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Figure 2. The transmission electron microscopy (TEM) images of samples (a) S1; (b) S2; and (c) S3.
The particle size histograms of the samples (d) S1; (e) S2; and (f) S3. (Reproduced from [37]. Copyright
Obaidat, .M., et al., 2017.).

3.2. Magnetic Properties

Magnetization versus applied magnetic field (M-H) measurements were carried out under zero
field cooling (ZFC) and field cooling (FC) conditions. The measurements were conducted at several
temperatures (2, 10, 30, 50, 70 and 100 K) and several field cooling values, Hec (0.5, 1, 2 and 3 T). In
each hysteresis loop cycle, the magnetization data was recorded while the applied field was swapped
between -3 to 3 T. In the ZFC protocol, the sample was cooled down from room temperature to a
particular temperature in the absence of any applied magnetic field. After that, a magnetic field was
applied and ramped between +T. The magnetic moment was measured during the change of the
applied magnetic field. The M-H hysteresis loops under ZFC at T = 2 K, for samples S2 and S3 are
shown as examples in Figure 3a,b. Typical ZFC and FC hysteresis loops were obtained for all the
samples at the above mention temperatures and field cooling values. As can be seen in Figure 3, there
are openings in the hysteresis loops indicating the absence of superparamagnetic behavior at 2 K.
Also, saturation magnetization was not completely achieved in both samples, even at the maximum
applied field of 3 T (here we show up to 1 T only so that the openings in the hysteresis loops become
visible). From these hysteresis loops we obtained the saturation magnetization, Ms at different
temperatures and field cooling values, Hrc.

The role of field cooling on Ms in each sample was analyzed at each temperature. The M:s for all
samples did not saturate up to maximum applied field of 3 T at all temperatures and all Hrc values.
This could be attributed to surface spin effects and inter-particle interactions. The saturation
magnetization (Ms) was determined by extrapolating the high field region (at H = 3 T) of the M-H
curve to the infinity field. Figure 4 shows the saturation magnetization versus the shell thickness at
several temperatures (from 2 to 300 K) in the ZFC state as well as in the FC state at several Hrc values.
Figure 5 shows the saturation magnetization versus Hrc for each sample at several temperatures
(from 2 to 300 K).
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Figure 3. The applied magnetic field (H) versus the magnetization (M) at 2 K under zero field-cooling
condition for (a) sample S2 and (b) sample S3. ZFC, zero field-cooling.
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Figure 4. The saturation magnetization versus the shell thickness at several temperatures (from 2 to
300 K) (a) in the ZFC state as well as in the field-cooling (FC) state at several field-cooling values of
(b)05T,(c)1T,(d)2T,and (e) 3 T.



Appl. Sci. 2017, 7, 1269 7of 14

85

(a) s1 M- T=2K
. 804 @ T=10K
2 o “ !' §~-A-T=30K
g 1 * L 2R 2 ..v<T=50K
3 70 - - T=70K
- <P T=100K
= 654 T - 4p- T=200K

W W o ' T=300K

60 T T T T T

0 1 2 3 4

H,.(T)

(b) s2 - T=2K

120 IR IREEEEERE CEERERRRE :'7?:'0]‘.

oD YRR SEEERRRR 3 , T=30K
3 W T=350K
E 400 feee o e 4 T=70K
< / P 7=100K
= & -4 T=200K
sod_i_- @ - T=300K

0 1 2 3 4

H, . (T)

(c) S3 - T=2K
"y e ® 7=10K
g - " A T=30K
2 i?=§;",'~7"' e Y.y T=50K
2 80 :' trras ‘3:$ ‘ < T=T0K
N *- ¢ . P T=100K
= 754 -4 T=200K

‘ o @ T=300K

0 1 2 3 4

H_ . (T)

Figure 5. The saturation magnetization versus field-cooling value at several temperatures (from 2 to
300 K) for each sample (a) S1, (b) S2, and (c) S3.

These two figures show some key results. (a) Saturation magnetization, with large magnitudes,
has been detected in all samples at all temperatures in the ZFC state; and (b) as function of the shell
thickness, in the ZFC state, the saturation magnetization has a systematic and linear increase with the
increase in shell thickness at all temperatures. This reflects the significant enhancing role of shell
thickens on saturation magnetization in the ZFC state. This could be due to the larger ferrimagnetic
v-Fe20s shell thickness (and thus volume) in sample S2. Also, this increase in Ms may be induced by
the lattice strain between the FesOs/y-Fe:0s core/shell [38]. The largest values occur at 2 K with 77
emu/g in the sample S1, 80 emu/g in the sample 52, and a value of 84 emu/g in the sample S3; (c) shell
thickness-dependent saturation magnetization values remain nearly the same with an increase in
temperature from 2 to 100 K; (d) a noticeable decrease in the shell thickness-dependent saturation
magnetization values appeared above 100 K. At 200 K saturation magnetization values are 73 emu/g,
77 emu/g and 80 emu/g in samples S1, S2 and S3, respectively. This reflects only a decrease of less
than 5% of the initial values; (e) a pronounced decrease in the shell thickness-dependent saturation
magnetization values occurred at 300 K with minimum values of 66, 69 and 72 emu/g in samples S1,
52 and S3, respectively. This reflects only a decrease of nearly 14% of the initial values. Thus, in the
ZFC state, the maximum value of saturation magnetization obtained is 84 emu/g in the sample with
the thickest shell (sample S3); (f) after field-cooling at 0.5 T, the magnitudes of saturation
magnetization at 2 K changed only slightly in samples S1 and S3 (where the saturation magnetization
increased from 77 to 80 emu/g in sample S1 and decreased slightly from 84 to 80 emu/g in sample S3);
(g) after field-cooling at 0.5 T, the saturation magnetization at 2 K in sample S2 displays a drastic
increase where it reaches 120 emu/g. This indicates an increase of exactly 50% of its value in the ZFC
state and a nearly 50% increase of its bulk value. This reflects the significant role of field-cooling at
0.5 T in enhancing the saturation magnetization in sample S2. This could be attributed to the
enhancement of the alignment of both the core/shell interface and the surface spins; (h) after field-
cooling at 0.5 T, the magnitudes of saturation magnetization at temperatures up to 100 K remained
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almost equal to those at 2 K in all samples. However, a noticeable decrease of the saturation
magnetization values occurs at 200 and 300 K in all samples. For example, in S2 the saturation
magnetization decreased to 115 emu/g at 200 K and to 105 emu/g at 300 K, which is much larger than
the maximum value obtained in the ZFC state (80 emu/g at 2 K). Interestingly, in sample S2, all the
saturation magnetization values in the FC state are nearly 50% larger than the values in the ZFC state
at similar temperatures. This clearly reflects the significant role of field-cooling at 0.5 T in enhancing
the saturation magnetization in sample S2 even at room temperature; (i) larger field-cooling values
displayed similar effect as that of the 0.5 T field-cooling value. This reflects the ineffective role of
field-cooling above 0.5 T in enhancing the saturation magnetization in all samples; (j) thus, the 0.5 T
can be considered as a critical field-cooling value in samples S2 where a drastic increase in saturation
magnetization occurred; (k) this also shows that the shell thickness of 3 nm is a critical thickness in
this core/shell nanoparticle system where a very large enhancement in saturation magnetization
occurred at the field-cooling value of 0.5 T at all temperatures with a value of 120 emu/g at
temperatures up to 100 K and with only slight decrease at temperatures above 100 K.

The temperature dependence of the saturation magnetization, Ms in bulk ferromagnetic or
ferrimagnetic materials at low temperatures is governed by the Bloch’s law [39-42].

M) = Mo [1-(L)]... )

To

where, Mo is the saturation magnetization at 0 K, To is the temperature at which the Ms becomes zero
(ferromagnetic transition temperature, Tc). The exponent as is known as the Bloch’s exponent (as)
and the value of as is 3/2 for bulk materials. Bloch proposed the 7?2 law by considering the magnon
excitation of long wave-length spin-waves at low temperatures [39].

Figure 6 shows the temperature dependence of Ms measured under the ZFC protocol for all the
samples. We found that the experimental Ms values of our core/shell nanoparticles deviate from
original Bloch’s law. Hence, we have fitted the experimental data to a modified Bloch’s law for each
sample. The fitted data for each sample is shown as a solid line in Figure 6. The experimental data
was fitted using Equation (1) and the fitted magnetic parameters are shown in Table 1. For
nanoparticles, the finite size effects are expected to be significant resulting in deviations from the
ideal Bloch’s equation. The values of as for nanoparticles were reported to vary within the range of
1.5t0 2.0 [43-48]. In our samples, it is observed from the fitting parameters that the modified exponent
(as) is larger than the exponent for bulk materials. The values of the modified Bloch exponent inferred
from the fitting data for S1, 52 and S3 samples are 2.0, 2.5 and 3.0, respectively. As can be seen in
Table I, as increases monotonically (and linearly) with shell thickness. This indicates that the larger
the shell thickness, the larger is the deviation from the original Bloch’s law. For normal nanoparticles,
it is expected that as the size of the particle increases, az should approach that of the bulk materials.
However, for our core/shell structured nanoparticles, the surface and interface have contributed
effectively such that the opposite behavior is obtained. The deviation from the original Bloch’s law
could be attributed to the surface and interface effects [49-52]. Due to the broken exchange bonds [53]
at the core/shell interface, the interface spins are suggested to be in disordered states. We suggest that
(as shown in [37]) at the core/shell interface, spin-glass like structures [49,50] occur with amounts that
increase with shell thickness. Hence, we attribute the increase of as (increase of deviation from the
original Bloch’s law) with shell thickness to the increase of spin-glass structures as the shell thickness
increases. The surface spins also could contribute to this deviation where the role of surface spins
increases with decreasing the total size of the particle.
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Figure 6. The temperature (T) dependent Ms for samples (a) S1; (b) S2; and (c) S3, under zero field-
cooling condition. The solid lines represent the fittings of the experimental data to a modified Bloch’s law.

Table 1. The fitting parameters of the experimental data to a modified Bloch’s law 1.

Fitted Parameters at ZFC

Sample Shell Thickness (nm) Mo (emu/g) To (K) as
S1 1 77.5 (0.4) 852 (x15) 2.0
S2 3 79.9 (x0.1) 689 (x10) 2.5
S3 5 82.8 (+0.2) 580 (x5) 3.0

1 ZFC, zero field-cooling.

The role of field cooling on Ms(T) was investigated on all samples. Here we present the results
on the sample S1. Typical results were obtained on the other samples. Figure 7 shows the temperature
dependence of Ms in sample S1. The Ms values were obtained from the magnetic hysteresis
measurements under both the ZFC and the FC protocols at the field cooling values: Hrc=0.5, 1, 2 and
3 T. We found that the experimental Ms values for our core/shell sample in all conditions deviate
considerably from the original Bloch’s law. Thus, we fitted the temperature dependence of Ms in each
case to a modified Bloch’s law (shown as dashed lines in Figure 7) by varying the parameters Mo, To
and as. For the ZFC state, as was found to be nearly 3.1, which is a large deviation from the value of
1.5 for the original Bloch’s law.
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Figure 7. Temperature dependence of the saturation magnetization (in sample S1) measured under
(a) the zero field-cooling (ZFC) condition and under the field-cooling (FC) condition at several field-
cooling values of (b) 0.5 T, (¢) 1 T, (d) 2 T, and (e) 3 T. The dashed lines represent the fittings of the
experimental data to modified Bloch’s laws.

Field-cooling shows a significant effect on as where the values are considerably larger than that
for the ZFC state (displayed in Table 2) and thus reflect the significant role of field-cooling on Ms(T).

Table 2. The fitting parameters of the experimental data to a modified Bloch’s law in sample S1.

Fitted Parameters
Hie (T) Mo (emu/g) Tc (K) xe
0.5 78.0+£0.1 443+5 4.0
1 787+0.14 452+26 3.8
2 781+06 412+99 49

3 78.3+0.2 427 +3 4.6

The Ms(T) for nanoparticles were reported to deviate from the Bloch’s law for bulk materials
where the Bloch’s exponent as could have values larger or smaller than 3/2 [46,54,55]. Various
suggestions were made to explain the deviation from the Bloch’s law in nanoparticle systems [49,56—62].
For nickel ferrite nanoparticles, the modified Bloch’s model was found to be valid for temperatures
between 50 and 300 K [39]. At temperatures lower than 50 K, the authors reported a deviation from
the modified Bloch law where a sharp increase in saturation magnetization occurred [39]. This
anomaly was suggested to be due to some extra contribution of the shell-spins moment to the total
magnetization at low temperatures [39,60] or due to the presence of some paramagnetic impurities
in the nanoparticles which would be activated at low temperatures [39,61].

The effect of core/shell on different magnetic properties has been reported in many studies [30-35].
However, we are not aware of a research study on the effect of shell thickness and field cooling on
Ms and Ms(T). In our system of FesOs/y-Fe20s core/shell nanoparticles, it is very evident that the shell
thickness and field cooling have significant influence on Ms and Ms(T). It is observed that as the shell
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thickness increases, the temperature dependence of saturation magnetization deviates
nonmonotonically from the original Bloch’s law and the deviation is maximum for the nanoparticle
with shell thickness of 5 nm. These results could be attributed to the existence of interface spin-glass
clusters (SGCs) which occurred due to structural defects at the core/shell interface. The existence of
such (SGCs) was investigated and reported in our recently published paper [37]. The spins in these
SGCs are not aligned in a particular direction due to different spin interactions among the spins of
each cluster and the interactions with the core and shell spins. In our core/shell particle system, we
suggest that, as the shell thickness varies, the SGCs with randomly oriented spins vary, leading to a
varied magnetic anisotropy at the interface and hence resulting in deviations from the original Bloch’s
law.

4. Conclusions

We have successfully synthesized FesOs/y-Fe20Os core/shell nanoparticles with nearly fixed core
diameter and varied shell thicknesses. The core dimensions of all the samples were approximately 8
nm and the shell thicknesses were varied to 1 nm, 3 nm and 5 nm, for samples S1, 52 and S3,
respectively. The role of field shell thickness and field cooling on the temperature dependence of
saturation magnetization was revealed where significant deviations from the original Bloch’s law
were obtained. The shell thickness was found to have a considerable impact on the magnitude of the
saturation magnetization. The role of field cooling on the magnitude of the saturation magnetization
was found to be very significant in sample S2. These results are attributed to modifications in the
spin-glass clusters at the interface which lead to variations in the interfacial magnetic anisotropy.
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