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Abstract:
The present experimental study aims to synthesize and evaluate the magneto-plasmonic properties of metallic nanoparticles
to introduce a hybrid of core-shell nanoparticle that can be used in biomedical and optical applications. For these core-shell
nanoparticles, gold (Au) was used as the plasmonic material and iron (Fe) as the partner in the magnetic parts. The
core-shell nanoparticles were prepared by pulsed laser ablation in liquid media using a Nd:YAG pulsed laser in deionized
water, as well as an aqueous solution of PVP, and for comparison an aqueous solution of PVA. Furthermore, the plasmonic
and magnetic properties of the experimentally prepared core-shell nanoparticles were studied by optical spectroscopy and
the vibrating sample magnetometer method within a variable magnetic field of up to 1 T. The results revealed tunable
and adjustable optical linear behavior and obvious plasmonic properties by tracking the refractive index under different
physical media. The results also showed that Superparamagnetic properties of core/shell nanoparticles were achieved by
changing the surrounding medium. Accordingly, the results could open up new insight into the magneto-plasmonic region
for beneficial biomedical applications.
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1. Introduction

Nanoparticles (NPs) and nanostructured materials (NSMs)
represent an active research subject and a growing
technology industry with applications in a wide range
of fields, where their unique phenomena allow for new
applications [1]. Thus, since Faraday’s pioneering work on
experimental reactions of colloidal metal NPs to light in
the eighteenth century, the metallic NPs have become the
focus of nanoscience and technology due to their amazing
physical and chemical properties [2], because these phys-
ical and chemical properties of nanomaterials are highly
dependent on their sizes and shapes. Therefore, research in
this scientific field is directed towards developing simple
and efficient methods for fabricating nanomaterials that
allow the size and morphology of nanoparticles to be
controlled and thus their properties [3].
There has recently been a slew of papers published in the
field of nanomaterials that look into the synthesis and
properties of magnetic NPs [4]. Interest in these materials

stems from the applications of these nanoparticles, ranging
from their use in biochemistry [5], targeting of medicine in
the body [6], and magnetic electrophoresis of specific bio-
logical entities [7], to the use these materials as recording
media [8]. Metal oxides, such as different ferrites, are some
of the most representative magnetic materials. However,
because they are frequently made up of multiple oxides,
their magnetic characteristics are not always well-defined
and repeatable [9]. Pure metals like cobalt, iron, and
nickel, as well as their metal alloys, are also employed in a
variety of magnetism applications [10]. The characteristics
of these minerals are far more suitable than those of
iron oxides [11]. Ferromagnetic behavior is observed in
magnetic transition metals with nanostructures, whereas
super-magnetic behavior is shown in iron metals [12]. In
addition, in the absence of a magnetic field, transition
metals retain their magnetic characteristics, whereas iron
oxide nanostructures do not [12].
Also, core-shell NPs are a novel class of nanostructures
with unique and customized features that are distinct from
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Figure 1. Schematic diagram of nanoparticle preparation by
laser ablation method.

their single counterparts and are used in a wide range of
applications [13, 14]. Surface plasmon resonance (SPR)
and local field enhancement of metals are responsible for
the intriguing and peculiar optical features of core-shell
metal NPs, which led to their use in optoelectronic
devices [15]. The reports categorically show that the
core-shell architectures have enhanced magnetic properties
than that of single counterparts [16, 17].
In the literature, few recent reports on hybrid nanostructures
are available, and there is still a great need for business
development efforts from works on ferromagnetic nanos-
tructures, on this basis, the topic of our research has been
selected.

2. Samples fabrication: laser ablation in
liquids

A pure gold plate (99.99% purity, purchased from Sigma
Aldrich, Germany) was placed on the bottom of the beaker
with 20 ml of deionized water. A laser with the specifi-
cations of (1064 nm repetition of 6 Hz, pulse duration of
50 ns, and pulse energy of 120 mJ) was focused by the
reflected mirror on the target of 3×3 mm2. The Au sample
was labeled after ablating the Au plate in deionized water
for 3 minutes (Au colloid). Then an iron plate (99.99%
purity, purchased from Houston Inc., USA) was ablated by
the same laser in the Au colloid solution. The samples of
Fe@Au were obtained after ablation for 2 minutes.
Fig. 1 shows a schematic of the experimental setup used to
prepare nanoparticles by laser ablation confined to a liquid
medium.
The experiment was repeated, but this time the iron target
was placed in the deionized water firstly and was exposed
to a laser with the same specifications. The Fe sample was
labeled after ablating the Fe plate in deionized water for
3 minutes (Fe colloid). Then an Au plate was ablated by
the same laser in the Fe colloid solution. The sample of
Au@Fe was obtained after the ablation for 2 minutes. The
experiment was repeated with all its details except that the
deionized water was replaced with a polyvinylpyrrolidone
polymer (PVP), and a third time, but this time the deionized

water was replaced with a polyvinyl alcohol polymer (PVA).
The PVP and the PVA polymers were dissolved in distilled
deionized water at a percentage of (1%), in order to increase
the stability of nanoparticles in solution. All of the samples
were characterized by FE-SEM (JEOL-7601), spectrometer,
Ocean 2000 and UV-Vis Homomatsu.

3. Experimental results

3.1 Optical properties
Fig. 2 shows the absorption spectrum of gold and iron
nanomaterials separately. The strong interaction with light
occurs because the conduction electrons on the surface of
the gold metal undergo a collective oscillation when they
are excited by light at certain wavelengths. This oscillation
is known as surface plasmon resonance, which is why the
absorption intensity of gold nanoparticles is much higher
than that of similar non-plasmon nanoparticles (Fig. 2(a)).
The intensity and wavelength of the SPR band are affected
by parameters such as the metal type, particle size, shape,
structure, composition, and the dielectric constant of the
surrounding medium, all of which affect the electron charge

Figure 2. Absorption spectra of: (a) the gold NPs and (b) the
iron NPs in deionized water compared to a polymer matrix.
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Figure 3. Absorption spectra of: (a) the Fe@Au NPs , and (b) the Au@Fe NPs in the three different solutions.

density on the particle surface. Therefore, the peak ab-
sorption of gold nanoparticles in the PVP solution is more
obvious because it keeps the nanoparticles suspended and
does not allow their sedimentation due to the higher vis-
cosity and higher refractive index than deionized water and
PVA solution. Moreover, one can see a redshift in the SPR
wavelength (522−526 nm) when changing the surrounding
medium and this wavelength shift indicates an increase in
the size of the nanoparticles when generated by polymer
compared to water, which was confirmed in these samples at
FE-SEM images. In addition, this redshift due to the larger
refractive index of the surrounding medium leads to the
modulation of the SPR wavelength of the samples. This red
shift when generating nanoparticles in the polymer matrix
compared to deionized water is due to the accumulation of
more nanoparticles inside the polymer particles, which led
to larger particle size and this, in turn, leads to an increase
in the refractive index of the medium [18].
The optical absorption of the iron NPs in the wavelength
of 190− 900 nm has been studied. The UV-visible spec-
tra of iron based NPs synthesized by laser ablation in the
deionized water, the PVA, and the PVP polymers are shown

in (Fig. 2(b)) respectively. In the polymer, the optical ab-
sorption of iron nanoparticles increases more than that in
deionized water for the same reason mentioned above when
discussing gold nanoparticles in the three different media. it
is also noticed a redshift in the wavelength in the absorption
spectrum of the Fe NPs in the PVA and the PVP solutions
respectively (304−312 nm) which means the increase in
the size of the Fe NPs.
As expected, in the core-shell nanoparticle samples, it can
be observed two distinct absorption spectra peaks that come
from the absorption of each individual material in the nanos-
tructure indicating the successful formation of the core/shell
nanostructure for all samples which is confirmed in (FE-
SEM) images (Fig. 3).
Figure 3(a) shows the visible and ultraviolet light absorp-

tion spectra of Fe@Au NPs in deionized water solution
compared to PVA and PVP solutions. The first two absorp-
tion regions in the wavelength (298−306 nm) refer to the
absorption of iron particles, while the other in the visible
region at the wavelength (528−533 nm) refers to gold NPs,
with the red shift at the top of the absorption spectrum when
moving from the aqueous matrix to the polymer matrix due

Figure 4. FE-SEM image of Au NPs (a) in the deionized water, (b) in the PVP polymer solution.
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Figure 5. FE-SEM image of the core/shell NPs: (a) Au@Fe in deionized water, (b) Fe@Au in PVA polymeric solution, (c)
Au@Fe in PVA polymeric solution, (d) Fe@Au NPs in PVP polymeric solution.

to the aforementioned reason.
In comparison with the optical properties of Fe@Au, Fig.
3(b), represents the optical absorption of Au@Fe in aqueous
and polymer solutions. It was observed that two distinct
and clear absorption peaks, each denoting the mineral sub-
stances in the solution, also it is noticed that the absorption
spectrum of Au@Fe in PVP polymer is larger than that of
PVA polymer, which in turn is better than in distilled water
due to the increase in the refractive index of the solution
and the increase in the size of nanoparticles. It is as well
evident that the absorption peaks of Au@Fe are more clear
and sharp compared to the samples Fe@Au NPs, because of
the composition of the sample which made the absorption of
Au NPs greater, as it is known that SPR is highly dependent
on the shape, size and composition of nanoparticles, and the
local SPR position is very sensitive to the refractive index of
the medium [19]. Based on the results, we got good control
over the optical properties and wavelength shifts that are
useful in designing optical devices and instruments. Our
results are consistent with other studies [20, 21].

3.2 Morphological properties
The morphology, size, and shape of the samples were ex-
amined using an FE-SEM field emission scanning electron
microscope as shown in Fig. 4. The average size of the nano-
material has been calculated using Image J software, and
the number of core-shell nanoparticles is selected to take the
average core size and shell thickness of the samples in the
distilled deionized water and the PVP polymeric solutions.
The results showed that the average size of nanoparticles in
the PVP polymeric solution increases when compared with
the deionized distilled water solution, and this is due to the
accumulation of the NPs inside the polymer, and our results
are supported by [22, 23].
It is noticed from the results that all the nanoparticles that
were produced by the method of laser ablation are spherical
in shape. The results also showed that the average size of
the Au NPs in the distilled water solution is 17 nm (see Fig.
4(a)) as expected, the average size of the Au NPs increased
to 24 nm when they were created in PVP (see Fig. 4(b)).
For the core-shell NPs formed as spheroids with the core
size of 20 to 50 nm and the shell thickness of 10 to 30 nm
in deionized aqueous solution. These sizes are increased
when the samples are created in the polymer solution (see
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Figure 6. The real dielectric coefficient in terms of wavelength in deionized water compared to the matrix of the PVA and
the PVP polymer, for samples (a) Au NPs, (b) Fe NPs, (c) Fe@Au NPs, (d) Au@Fe NPs.

Fig. 5), it can be observed that all the examined samples
which formed the core/shell were clearly and distinctly.

3.3 Dielectric properties
It has been realized that the dielectric properties of nanoma-
terials are very important and play a key role in the position
and intensity of the SPR peak of plasmonic NPs. As it is
expected, the metal-plasmonic coupling with ferromagnetic
metals leads to the change in the refractive index of the
samples. The real ε ′ and imaginary ε ′′ parts of the relative
permittivity are given by

ε
′ = n2 − k2 (1)

ε
′′ = 2nk (2)

here n and k are the real and imaginary parts of the refractive
index, respectively. (is called extinction factor in literature)
and was achieved by Kramers Kronig relationship.
Fig. 6 displays the real parts of the Au NPs, the Fe NPs, and
the core-shell refractive index used in this work, it can be
clearly noticed that when the gold nanoparticles are excised
in the aqueous matrix, we have a distinct peak in the reso-
nance spectrum in the dielectric constant pattern as a guide
to the refractive index. But this peak becomes more distinct
when used the PVA instead of deionized water. When the
PVP is used as a host medium for nanoparticles, a large
fundamental change occurs in the real part of the refractive
index compared to the deionized water and the PVA (see
Fig. 6(a)). This change can be described by the fact that
PVP greatly supports the improvement of the localized sur-
face plasmon intensity and location, which confirms that
the size obtained with the PVP polymer matrix is the right
size to form the plasmon in the best possible form in our
work for gold nanoparticles. For the Fe NPs, since it is

a non-plasmonic metallic material, there is no characteris-
tic peak in the true refractive index curve (see Fig. 6(b)),
where the three curves in the figure indicate a change in
the dielectric properties and the real part of refractive index,
albeit slight, depending on the host medium used, and this
supports configure different sizes when changing the type
of ambient medium.
As expected, the coupling between the plasmonic and mag-
netic metal changed the dielectric coefficients and in turn
changed the refractive index of the samples. Here, it is
necessary to refer to an essential point, and it is done by
comparing the two Figs 6(c) and 6(d), where we note that
the real dielectric coefficient of the nanoparticle Au@Fe
is much better than that of Fe@Au. The reason is that the
presence of gold on the cover increases the property of plas-
monic, while when gold is at the core and iron is the cover
leads to the extinguishing of the plasmonic feature.
Fig. 7 discusses the imaginary insulating properties as a
function of the refractive index, which gives a clearer pic-
ture of the surface plasmon behavior. It can be seen as a
fundamental change in the imaginary part of the refractive
index, although there is a correlation with the real part of the
refractive index where they complement each other. This
change can be described in (Fig. 7(a)) for three different
host mediums. It also noticed an increase in the dielectric
properties of iron by change the surrounding medium from
deionized water to PVA and then to PVP, (see Fig. 7(b)).
Moreover, the refractive index of the Au@Fe NPs is very

different from the refractive index of the Fe@Au NPs, due
to the presence of gold once in the shell, which strengthens
the surface plasmon phenomenon and again in the core,
which leads to the suppression of this phenomenon (see Fig.
7(c,d)). These results are supported by [22].

Table 1. Magnetic properties of core-shell nanoparticles in different solutions.

Samples Coercive Field The remanence magnetization The saturation magnetization The quareness ratio
(Hc (Oe)) Mr (e.m.u/gr) Ms (e.m.u/gr) SQR =Mr/Ms

Fe@Au in water 9 1 13 0.077
Fe@Au in PVA 16 1.3 9 0.144
Fe@Au in PVP 65 2 8 0.25
Au@Fe in water 13 1.2 17 0.07
Au@Fe in PVA 32 1.8 11 0.163
Au@Fe in PVP 86 3 10 0.3
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Figure 7. Imaginary dielectric coefficient in terms of wavelength in the deionized water compared to the matrix of PVA and
PVP polymers, for samples (a) Au NPs, (b) Fe NPs, (c) Fe@Au NPs, (d) Au@Fe NPs.

3.4 Magnetic properties

In this section, the results of magnetic measurements ob-
tained by shaking samples in a variable magnetic field
(VSM device), under an external magnetic field of up to 1
Tesla, will be discussed. A change in the magnetic states of
the nanomaterials used in this work was achieved by chang-
ing the composition of the core-shell nanomaterials, as well
as the surrounding medium. Fig. 8(a) shows the magnetic
hysteresis loops of the Fe@Au NPs in deionized water and
both PVA and PVP at room temperature (300 K). VSM
measurements were performed three weeks after sample
synthesis during which it was stored under normal labora-
tory conditions. All Fe@Au samples showed superpara-
magnetic behavior in an aqueous matrix with the required
field for saturation around (5000 Oe) and approximately
(6000 Oe) for polymeric matrix. Although the behavior of
the Fe@Au sample in the PVP matrix was changed to a
semi-super ferromagnetic behavior, it remains within the
superparamagnetic field because the forced magnetic field
is very small. This behavior can be justified by the fact that
the increase in core size and shell thickness of the samples
in the PVP matrix increases the amount of magnetic ma-
terial present in a single nanostructure, which leads to an
increase in all magnetic properties of the sample. Similarly,
Fig. 8(b) shows hysteresis loops of Au@Fe nanoparticles
in deionized water, both PVA and PVP, at room temperature
(300 K).
By comparing the samples Au@Fe and Fe@Au, it is no-

Figure 8. Magnetic behavior of samples Fe@Au and
Au@Fe in three different solutions

ticed that Au@Fe has a greater magnetization, as the iron
in the outer shell of nanoparticles enhances the magnetic
properties compared to gold, which dampens the magnetic
properties if it is in the shell layer. The PVP polymer also
enhanced the magnetic properties compared to the PVA
polymer, which indicates that the PVP polymer has better
stability by retaining the nanomaterials that are suspended
without sedimentation, and this was confirmed previously
when examining the optical properties. The magnetic prop-
erties of all samples have been summarized in Table 1.
Based on the results, superior magnetic properties are avail-
able in core-shell nanoparticles by changing the surrounding
medium or changing the composition of samples. In addi-
tion, the field magnetization of the agents was increased
in the PVP matrix compared to that of the water and poly-
mer PVA matrix. The results could open new insights for
researchers into the visible plasmonic-optical effects of pho-
tovoltaics.

4. Conclusion
In this study, the Au and the Fe NPs as well as the
Au@Fe NPs and the Fe@Au NPs dispersed in different
environments were synthesized by laser ablation method,
through a comprehensive study of these nanomaterials
and in three different solutions, the following conclusions
were reached: The results demonstrated there is large
tenability and modulation of the SPR absorption band for
each group of observed nanomaterial’s that may be useful
in the design of optical absorber devices. Also the SPR
peak is sharper in the PVP matrix due to the properties
of the PVP which make it more stable than the aqueous
medium. Our results revealed that in the core-shell samples,
two distinct peaks can be observed that come from the
absorption of each material in the nanostructure. Based
on this fact that the core diameter and the shell thickness
depended on the surrounding media, it was found that
solvents have a significant effect on the linear optical
and magnetic properties of the samples. Moreover, the
coercieve forced field of the samples is increased in the
PVP matrix compared to the water matrix because the main
coverage of the polymer over the NPs matrix. In addition,
the results showed that the samples have superior magnetic
properties that can be modified and controlled by forming
the nanomaterials in an appropriate way.
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