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Abstract Nickel oxide encapsulated gadolinium oxide (Gd,O3/NiO) core—shell nanoparticles (Nps) has been synthesized
by polyol method and analyzed by transmission electron microscopy. The particle size is found to vary from 25 to 35 nm.
Raman spectra show the gadolinium oxide core material peaks are found to be diminished by the mass effect of the NiO
shell material. The dynamics of the magnetic moment has been studied with the help of temperature dependent electron
paramagnetic resonance (EPR) spectroscopy. Peak-to-peak line width (AHp,) value of the EPR spectra increases with
decreasing temperature. Temperature dependence of line width shows the dominance of spin—lattice relaxation in these
systems, and it can be used as T contrast agent. Spin number estimated from EPR studies increases with the decrease of the
temperature. The interfacial exchange coupling between the core and shell region is found to be existing at very low
temperatures as determined by EPR studies in this non-magnetic/antiferromagnetic (NM/AFM) core/shell nanosystem. The
effects of the temperature on the magnetic properties of the Gd,O3/NiO core/shell NPs and the underlying mechanism have
been discussed.

KEY WORDS: Nanocomposite; Magnetic material; Raman spectroscopy; Electron paramagnetic resonance
(EPR); Spin-relaxation

1 Introduction

In recent years, science and technology have considerably
developed and have created various nanomaterials such as
nanoparticles [1], nanotubes [2], nanofilms [3, 4], graphene
[5] and nanoporous materials [6]. Among them, the core—
shell nanoparticles (Nps) with magnetic components have
attracted much interest in recent years both in fundamental
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research [7] and practical applications [8]. The core—shell
Nps are also been widely investigated for biological
applications example drug delivery, cell labelling and
magnetic resonance imaging (MRI) etc. [9]. These core/
shell Nps can be used as a contrast agent to improve the
visualization of MRI images, which is a diagnostic tech-
nique widely employed due to its capability to distinguish
healthy tissues from affected tissues. Core/shell Nps can
enter the cells and they act as efficient contrasting agent
due to its better spin—lattice relaxation time [10, 11].

The use of contrast agent for MRI depends on the ability
of the agent to shorten the relaxation time (7} and 7,) of
water’s protons. Each distinct tissue type has unique
relaxation rates (1/7 and 1/T,) and a proton density, which
affects tissue contrast and image interpretation [12].
Relaxation rates 1/7; and 1/7, measure the rate that
molecular spins after being perturbed by the radio-fre-
quency wave inside a magnet return back to their energy
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equilibrium states. T is called spin—lattice relaxation time
that is the time needed for spins and their environment
(dubbed “lattice”) to reach energy equilibrium. 7, is called
spin—spin relaxation time and it is time for spins them-
selves to reach equilibrium after radio frequency wave
perturbation [13]. Ahren et al. [14] reported that Gd,O3
nanoparticles shown a high relaxivity compared with
commonly used gadolinium (III) chelates, indicating that
Gd,05 particles are promising for future use in MRI cell
tracking and bioimaging. Recently, water-dispersible MnO
Nps were reported as a T1 MRI contrast agent for body
organs like brain, the liver and the kidney [15].

The efficient positive contrast agent making is very
often addresses, large number of paramagnetic atoms (e.g.,
Gd*") within small volumes or confine the contrast agents
inside the matrix [16-21]. In the core/shell of Gd,O3/NiO
Nps, gadolinium oxide can serve as positive contrast agent
to reduce 7, resulting in a brighter signal [13]. In the
present work, we demonstrate the spin dynamics studies of
NiO encapsulated Gd,03 core—shell Nps employing elec-
tron paramagnetic resonance (EPR) spectroscopy which is
a powerful tool in the investigation of the magnetic prop-
erties and spin dynamics of condensed matter.

2 Experimental
2.1 Materials and Method

The reagent grade of Gd(NOj);-6H,O(Alfa Aesar), and
Ni(NO3),-6H,O (Alfa Aesar) were used as starting materials.
Polyethylene glycol 400 (PEG) was used as solvent, and double
distilled water and ethanol were employed for washing.

For the synthesis of NiO and Gd,O; nanoparticles,
0.012 mol/L  of Ni(NO3),-6H,O and 0.012 mol/L of
Gd(NO3)3-6H,0O were dissolved separately in 30 mL of
PEG under stirring in a round bottomed flask at 100 °C. The
clear transparent salt solutions obtained were subsequently
heated to 180 °C for 90 min. The resulting greenish brown
solution of NiO and brown suspension of Gd,O; were
cooled to room temperature, diluted with ethanol and the
nanoparticles were separated from the solutions by centri-
fugation at 10,000 r/min. To remove unreacted precursor
and PEG, the sediment materials were dispersed in ethanol
and centrifuged for 3 times. The materials obtained after
centrifugation were calcined at 600 °C for 2 h in air. To get
the nanoparticles of Gd,O3/NiO core/shell, NiO shell was
grown on the Gd,0O5 core employing a two step process.
Firstly, the as prepared Gd,O3 core nanoparticles was dis-
persed in 25 mL of PEG under sonication for 10 min and
then a solution of PEG (15 mL) containing 0.012 mol/L of
Ni(NOj3),-6H,0 was injected into the dispersed nano-core
system. After mixing the above solution (using a magnetic
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stirrer for 15 min), the mixed system was heated at 180 °C
for 2 h, and cooled to room temperature, washed, centri-
fuged and after that calcined at 600 °C for 2 h in air to get
Gd,03/NiO core/shell Nps.

2.2 Characterization

To confirm the phase formation, crystal structure and purity
of the synthesized samples, the X-ray diffraction (XRD) of
the powder samples was taken by powder X-ray diffrac-
tometer (Rigaku Miniflex-1I) at room temperature. Trans-
mission electron microscopy (TEM) images were obtained
using a TECHNAIG® TF20ST transmission electron
microscope operating at 200 kV. The samples for TEM were
prepared by placing a drop of a colloidal acetone solution of
the powder sample onto a carbon coated copper grid, and the
grid was dried in air. Variable temperature EPR spectra were
recorded using a Bruker EMX plus spectrometer operating at
X-band (v = 9.43 GHz) with 100 kHz magnetic field
modulation. The temperature was varied from 300 to 110 K
and the EPR spectra were recorded while warming the
sample. M-H hysteresis curves were recorded at room tem-
perature at 6000 ppm (parts per million), using vibration
sample magnetometer (VSM).

3 Results and Discussion
3.1 Structural Analysis

In the XRD pattern of Gd,O3; core Nps, as shown in
Fig. 1a, the major peaks are obtained at 20 = 28.50°,
33.060°, 47.440° and 56.340°, and the corresponding hkl
planes are (222), (400), (440) and (622), respectively. The
nature and position of the above diffraction peaks are
characteristics of cubic gadolinium oxide phase (JCPDS
43-1014). Typical XRD pattern of NiO nanoparticles, as
shown in Fig. 1b, showing the existence of strong and
sharp diffraction peaks at 20 = 37.25°, 43.30° and 63.08°,
and the respective crystal planes are (111), (200) and (220).
These peaks matched well with those reported results [22—
24] (JCPDS 4-0835). Gd,05 and NiO diffraction patterns
are observed in the Gd,O3/NiO core/shell system, as shown
in Fig. Ic, but its diffraction angles are slightly shifted to
the higher angle from their bare one. This may be due to
the strain existed in core—shell structures which reported by
Cao and Banin [25] in epitaxial growth of an InP shell on
an InAs core. In the present study, shifting in the diffrac-
tion angles at higher values may be due to the very small
thickness of the shell material on the core Nps. So the
strain from the epitaxial growth of the shell material on the
core is strongly affected and is observed as shift in the
diffraction pattern of these core—shell Nps.
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Fig. 1 X-ray diffraction patterns of Gd,O5; a, NiO b, Gd,03/NiO
core/shell Nps ¢
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Fig. 2 Raman spectra of Gd,O3 a, NiO b, Gd,03/NiO core—shell Nps
synthesized by polyol method ¢

3.2 Raman Studies

In the Raman spectroscopy studies, pure gadolinium oxide
Nps clear peaks at 95, 119, 360, and 447 cm_l, as shown in
Fig. 2a, indicate that the Gd,O; Nps were in cubic phase
[26]. NiO nanoparticle shows broad peak at 518 cm™'
(Fig. 2b) due to Ni-O stretching mode [27]. In the case of
Gd,03/NiO core—shell nanoparticles (Fig. 2¢), NiO peak
only observed at 498 cm™' due to the presence of Ni-O
stretching mode and the core material peaks were not
observed, the shift in lower energy of this peak is due to the
increase in the size of core—shell nanoparticles and Gd,O3

core material peaks are found to be diminished by the mass
effects of the NiO shell material [28].

3.3 TEM Studies

The TEM image obtained for Gd,O3/NiO core/shell Nps is
shown in Fig. 3a. The average particle diameter is found to
be around 35 nm and the structures of these Nps are
slightly elongated in shape. The core—shell structure can be
clearly seen from the high magnification TEM image
(Fig. 3b). It displays the darker part of the Gd,Os core
material is encapsulated by the lighter part of NiO shell
layer.

3.4 Magnetic Characterizations
3.4.1 Vibrating Sample Magnetometer (VSM)

The magnetic hysteresis for the NiO and Gd,O3/NiO core—
shell nanoparticles at room temperature obtained using
VSM is presented in Fig. 4. It is observed that the mag-
netization of the NiO nanoparticles (Fig. 4a) increases
rapidly with applied magnetic field and is not saturated
even at 20 kOe (1,591.56 kA/m) and the value of coer-
civity is found to be 187 Oe (14.88 kA/m). The NiO is a
typical antiferromagnetic material in the bulk form but we
observed coercivity in present case indicates the uncom-
pensated surface spins causing a change in the magnetic
order of NiO Nps [29, 30]. In the case of NiO encapsulated
Gd,05 core—shell nanoparticles (Fig. 4b), it reveals that the
magnetization increases rapidly without reaching satura-
tion in a field at 16 kOe (1,273.25 kA/m) and the H, value
is 85 Oe (6.764 kA/m). This linear M-H behavior is char-
acteristics of a typical diamagnetic material. This
decreased magnetic property of Gd,O3/NiO core—shell
nanoparticles may be due to the non-magnetic contribution
of Gd,03 core at room temperature. The observed value of
the magnetic moment is very low and the H, value is 85 Oe
(6.764 kA/m) for the core—shell Nps and this may be
associated with surface spins arising from the nanoscale
thickness of NiO shell material.

3.4.2 Electron Paramagnetic Resonance (EPR) Studies

Typical first derivative EPR spectra obtained for the Gd,O3/
NiO core/shell nanoparticles in the temperature range of
110-300 K are shown in Fig. 5. The spectra reveal a single
broad signal from 300 to 200 K. In addition to the broad
signal, a small narrow signal corresponding to a resonance
field of 0.394 T is present when the temperature is further
decreased to 150 and 110 K respectively. The appearance of
the additional small signal at low temperature may be due to
the anisotropy present in the sample induced by the strain in
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Fig. 3 TEM images of Gd,05/NiO core/shell Nps with different magnifications of 43,000x a, 71,000x b

(@)
15 1

—~ 10

o

>S5

§ s

£

5

£ 97

19

€

Qo 5-

©

C

g

s -10 4
-15 4

[P T T TP |
-20000-10000 0 10000 20000

Magnetic field (Oe)

(b) 1.5

1.0 4
0.5
0.0

-0.5 4

Magnetic moment (emu/g)

-1.0

P P T S
20000 -10000 0 10000 20000

Magnetic field (Oe)

Fig. 4 Room temperature hysteresis curves obtained through VSM studies: a NiO; b Gd,03/NiO core/shell Nps

the particles which is associated with the large surface area of
the nanoparticles [31]. When the temperature is increased,
this anisotropy energy is suppressed by the thermal energy
and we get the homogeneous broad signal in the temperature
range of 200-300 K.

The peak-to-peak linewidth (AH,) is found to increase
rapidly with the increment of the temperature (Table 1).
This usually is caused in the core—shell nanoparticles by
the magnetic dipole interactions at high temperatures.
When the temperature is decreased, the average anisotropic
field of the present sample may dominate the interparticle
dipolar interaction, thus may lead to the reduction in the
width producing relatively a narrow signal [32]. The AH,,
values for NiO encapsulated Gd,O3; Nps are larger than the
reported bare Gd,O; Nps at room temperature [13].

@ Springer

The energy between two adjacent degenerate spin energy
levels, AE, has the same behavior of the linewidth. The
reduction of the linewidth may cause a reduction in the
separate energy AE. The value of AE is given by the relation
AE = hv = gugH, [33]. The peak-to peak line width (AH,,,)
and g-values are decreasing with the decrement of the tem-
perature (Table 1), which depends upon two main factors
namely magnetic dipole interactions among the particles and
exchange interaction between the ions. Strong dipole inter-
action gives a large AH,,, and strong superexchange inter-
action produces a small AH),, [32]. In core—shell magnetic
nanosystem interfacial exchange coupling between core and
shell region also plays as an important parameter. Ong et al.
[34] reported that the exchange coupling between core and
shell region is strong under low temperature conditions.
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Fig. 5 EPR spectra of Gd,03/NiO core/shell Nps at low temperatures
of 300-110 K

Table 1 EPR parameters of Gd,O3/NiO core/shell nanoparticles at
different temperatures

Temperature  AH, g- T, T, Number of
(K) (Gauss) value  (ps) (ps) spin

110 1,844 209 170 851 1.70 x 10"
150 1,151 198 287 451 1.11 x 10™
200 1,877 205 170 81.60 2.81 x 10"
250 2,522 213 122 1220 2.88 x 10"
300 2,562 213 120 1240 1.92 x 10"

If this temperature is decreased in this core/shell nano-
particle, anisotropy field of the nanoparticles and interfacial
exchange coupling between core and shell region will
greatly affect the AH,, and g-values. At higher tempera-
tures, spin direction between the antiferromagnetic NiO
shell and the nonmagnetic Gd,O5 core are different, and in
this condition, interfacial exchange coupling between the
core and shell regions is not too significant [35]. Sunderesan
et al. [36] found that the non magnetic metal oxide nano-
particles show the ferromagnetic moment because of the
presence of defects on the surface of the material. In the
present case at low temperature, disordered spins on the
gadolinium oxide core surface coupled with interface of
shell material results in the arising of net magnetic moment
from 150 to 110 K. The interfacial roughness between the
core and the shell region will be larger when the core sur-
face disorder increases. This increasing interfacial rough-
ness leads to a greater degree of uncompensated spin at the
interface [35], and hence a larger degree of unidirectional
coupling between antiferromagnetic shell (NiO) and non
magnetic core (Gd,03) from 150 K in Gd,03/NiO core—
shell nanoparticle system occurs. The g-factor value

increases at 110 K which may be due to the strong inter-
facial exchange coupling between the core and shell region.

It is known that there are two relaxation processes in EPR
system: viz. spin—lattice and spin—spin relaxation. If the line
width of the EPR spectrum is determined by spin—spin
relaxation, the AH,;, will increase rapidly as the temperature
decreases [37], but we get only opposite trend in our system.
Therefore, it may not be associated with the spin—spin relax-
ation that plays a dominant role but the other mechanism, such
as spin—lattice relaxation should be operative. If the involved
spins are like (parallel) the magnetic exchange interaction
causes a broadening of the resonance lines, at higher tem-
perature. On the contrary, if the magnetic exchange takes
place between unlike (anti-parallel) spins a narrowing reso-
nance lines is caused at higher temperatures. The observed
broadening of the EPR peaks at higher temperatures in the
present case may be attributed to the exchange interaction
between the like spins. Due to the spin-lattice relaxation
characteristics of Gd,O3/NiO core—shell Nps, it can be used as
a Ty contrast agent in the MRI application [20, 21]. The
Homogeneous broadening and the peak-to-peak line width of
the EPR spectra are used to estimate the spin—spin relaxation
time (75,) and spin-lattice relaxation time (77) [38]:

/T, = ngug AH /h,
T, = 1/2y*T»H,,

(1)
(2)

where AH is the full-width-at-half-maximum (FWHM) of
the absorption curve (AH = AH,,;), y is the gyromagnetic
ratio, and 77 and T, are calculated using Egs. (1) and (2)
and the other needed values are given in Table 1. The
relaxation time estimated from the EPR studies does not
show any regular trend with the temperature.

The EPR spin number is the area under the EPR
absorption curve, which is proportional to the number of
unpaired spins in the sample. The EPR spin number is
evaluated from the product of square of line width and peak
to peak height (Angh) [39]. It is seen from the Table 1 that
the lowest spin number (1.92 x 1013) observed at 300 K,
and the spin number for both the temperatures 250 and
200 K are the same and is observed as 2.8 x 10°. A sudden
increment of EPR signal intensity is observed at 150 and
110 K. This may be associated with the uncompensated
spin arising at the interface between the core and shell
region because of the fact that the exchange coupling effect
at very low temperature resulted in the larger Ns value as
observed for the temperature below 200 K.

4 Conclusion
Well-crystalline Gd,O3, NiO and Gd,O5/NiO (core/shell)

nanoparticles have been successfully synthesized by polyol
process. Core—shell structures of the Gd,O3/NiO Nps are
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analyzed by XRD and Raman spectroscopic studies. The
average particle size of the core/shell nanoparticles was
found to be <35 nm through TEM studies. The temperature
dependent EPR spectra of magnetic core—shell nanosys-
tems were scanned from 110 to 300 K. When temperature
below 200 K, the spectra showed an additional small peak
associated with the anisotropy in the sample induced by the
strain in the particle of large surface area nanoparticles.
The g-factor and N decreased with decreasing temperature
from 300 to 200 K and increased at very low temperatures.
The results may be due to the dominance of anisotropy
field and interfacial exchange coupling between the core
and shell region which is usually significant at very low
temperature in this NM/AFM core/shell nanosystem. Peak-
to-peak line width increased with the increase of temper-
ature indicating spin—lattice relaxation operating in this
Gd,03/NiO core/shell nanosystems. Electron spin relaxa-
tion time of Gd,03 Nps could be changed by encapsulation
of nanoscale NiO shell material. Further experiments are
planned to study if NiO encapsulated Gd,O3 core—shell
Nps have an increased relaxivity in water solutions at
clinical relevant magnetic field strengths.
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