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Abstract - In this work, plasmonic behaviors exhibited by nanoparticles (NP) composed of magnetite
(Fe,0,) cores with silver (Ag) shells were investigated by discrete dipole approximation (DDA). First,
the Fe O, core size was fixed at 32 nm and the Ag shell thickness was varied from 8 nm to 15 nm.
Second, the Ag shell thickness was fixed at 16 nm and the Fe,O, core diameters were between 5 and
20 nm. The calculated absorption peaks showed two peaks positioned to the left and right of 382 nm,
which is the peak position of pure Ag. The results revealed that by varying either the Fe,O, core size
or the Ag shell thickness compared with pure Fe,O, and Ag NP, light absorption enhancement and
tunable aspects are successfully achieved. This nanomaterial is expected to be applicable in biomedicine,
nanocatalysis, optic devices, and new functional devices in the future.
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1. Introduction

Typical nanosized magnetic particles of magnetite, Fe,O,,
have been found to be highly applicable in various fields,
especially in biology and medicine, for example, as contrast
agents for magnetic resonance imaging (MRI) and drug
delivery (Arbab ef al., 2003; Cunningham et al., 2005;
Mahmoudi et al.,2011; Jiang et al.,2012; Kim et al., 2018).
Fe,O, chemically contains both Fe** and Fe**, in which the
electron configuration of the Fe**ion is 1s? 25 2p® 3s?3p®3d°
and the Fe?* ion is 1s? 2s? 2p® 3s2 3p°® 3d®. Consequently, it
is the Fe 3d electrons that determine the electronic, magnetic,
and some spectroscopic properties. This is an inverse
spinel structure with oxygen forming a face-centered cubic
closed packing structure and Fe cations occupying
interstitial tetrahedral and octahedral sites (Sheng-Nan
et al.,2014). However, this component is the only part of
the Fe O, nanoparticles that does not show strong
absorption of visible electromagnetic (EM) spectrum (Lim
et al.,2008; Armelles et al., 2013). Currently, employing
optical resonances of noble metals, such as gold (Au),
silver (Ag), and copper (Cu), nanostructures have been
utilized for enhancing and tuning optical and magneto-
optical phenomena (Jiang et al., 2012; Lim et al., 2008;
Armelles et al.,2013; Brollo et al.,2014; Jain et al., 2009;
Yang et al., 2015; Chaiyachate and Dasri, 2017; Dasri,
2016). Moreover, this composite nanoparticle (NP) shows
good magnetic and electrical properties (Sun et al.,2012).
These metals with their sizes are recognized for supporting
localized surface plasmon resonance (LSPR), which results
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in a strong absorption and scattering feature as well as
near-field enhancements at plasmon resonance in the near
ultraviolet (UV) to near infrared (NIR) of the EM spectrum.
LSPR are collective oscillating gas electrons with respect
to a fixed lattice of positive ions with a resonant frequency
that depends on geometrical, compositional parameters,
and dielectric properties of the surrounding medium (Jain
et al., 2009; Yang et al., 2015). In addition, complex
applications, especially in biomedicine, require multicom-
ponent materials in a single nanoparticle due to these
combined materials being expected to provide an improved
performance. In addition, the use of magnetic material,
such as Fe O,, combined with plasmonic material has
attracted the attention of the scientific community,
especially when there are spherical composites of
magnetic material as the core and plasmonic material as
the shell, or vice versa (Jiang ez al.,2012; Lim et al., 2008;
Armelles et al.,2013; Brollo et al.,2014; Jain et al., 2009;
Yang et al., 2015; Chaiyachate and Dasri, 2017; Dasri,
2016). Recently, experimental work (Jiang et al., 2012;
Brollo et al., 2014) has successfully fabricated super-
paramagnetic Ag@Fe O, core-shell nanospheres for use in
biomedical applications. This article only gives the optical
absorption properties for the multicomponent Fe,O, @ Ag
core-shell nanoparticle embedded in water as it will be
investigated from simulations. Ag was selected because it
provides a higher optical enhancement (Sompech et al.,
2016). Moreover, the transition of an electron from the
4d->5s state exhibits plasmon resonance in the far ultra-
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violet region and shifts it to the visible region of the EM
spectrum!'®. The surface plasmon resonance indicated that
it can be enhanced and tuned by adjusting the core size and
shell thickness of the composite particles. This study will
contribute to a better understanding of the optical properties
that can be obtained from the construction or synthesis the
Fe,0,@Ag core-shell bifunctional nanostructures for the
associated applications.

2. Computational details

Discrete dipole approximation (DDA) is a numerical
method for calculating the optical properties of materials
by approximating them with each nanoparticle represented
by a point dipole (Purcell and Pennypacker, 1973). As soon
as the coordinates and polarizabilities of the individual
dipoles are known, the scattering, extinction, and absorption
properties of the whole structure can be solved exactly. In
this method, the object of interest is divided into /N point

dipoles whose positions are denoted f with polarizability

tensor a The polarization of the ;# element due to

interactions with a local electric ﬁeld E loc.i will be as

follows:

P =qE, (1), 1)
where &i is the polarizability tensor of the nano-

particle describing its dipole response to the external
electric field. For isolated particles, the local electric field

E loc.i is the sum of the incident field and a contribution
from all the other dipoles in the same particle:

Eloc,i: inc,i z g (2)

#Jj

where the first term, E inc ,1s the incident radiation
field and the second term is the contributions of other

N — 1dipoles. The electric field A P at the position I
has the following form:

N (i)
A,P——[ rux(x;JxP)Jr x(rP =35,(%;- P)] i#],

1/ i

3

2r _
where k = —_ /gm is the wave vector of the
incident light and é’m is the dielectric constant of the
surrounding medium. For )/ particles, by substituting Eqs.
(2) and (3) into Eq. (1), the polarizations of each particle
P. can be solved. Later, the extinction and absorption cross
sections are obtained as follows:

Ak & s =
- Eﬂ|2 Zhn(Emc,i PJ)? (4)

0 i=1
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By using these equations, the scattering cross sec-
tions can be obtained using Cscm = Cext - Cabs . Eor a
composite nanoparticle assumed to be spherical, with a
Fe,O, core (g, ) of radius p , surrounded by a shell of gold
( &, ) to outer radius @, much less than the wavelength of
the light is considered. The composite particle’s dielectric
function g, Is found to be (Dani et al.,2011) :

1+2 —
gsng+_ﬁc, B =f Lt

-8 £ +28, ©)

where f, =(b/ c)’ is the internal volume fraction.
Eventually, the absorption cross sections can be calculated
using Eq. (3). In this calculation, the dielectric constants
for Fe,O, were taken from Fontijn ez al. (1997) [19]. The
Fe,O, @Ag core-shell NP size was taken from Lim and
co-workers (Brollo et al.,2014)[9]. The dielectric constants
for metal NPs were extracted from the experimental results
in Johnson and Christy (1972) [20]. The dielectric constant
of water was used as the surrounding medium and is 1.77.

3. Results and discussion

The optical properties of the pure Fe,0, and Ag as well as
the Fe,O, @ Ag core-shell nanostructures were investigated
by DDA calculation in the UV-near infrared region of the
EM spectrum with the results shown in Figures 1-4. As
mentioned, the Ag NP was utilized as a nanoshell for
supporting the SPR due to it exhibiting a more intense SPR
for the EM wave in the visible light region. Figure 1a shows
the absorption spectrum of the Ag NP when compared with
that obtained from the Au NP. While the LSPR peaks were
found at ~382 nm and ~522 nm for Ag and Au,
respectively. Moreover in Figure 1b and 1c, the absorption
spectra of the bare Fe O, and Ag nanoparticles (NPs) are
also presented for reference The absorption spectra of
different Fe,O, sizes from 6 nm to 20 nm exhibited no
obvious absorption peaks in the visible region, as shown
in Figure 1b. On the other hand, the absorption spectrum
of the Ag NP shows a strong LSPR peak. LSPR peaks were
found at ~382 nm for all particles with sizes from 6 nm to
20 nm. After coating the Fe,O, NP with an Ag nanoshell,
the absorption spectra shown in Figures 2-4 were obtained.
Figure 2 shows the calculated absorption cross sections of
Fe,O,@Ag core-shell NPs with a uniform 16 nm Fe,O,
core and 15 nm Ag shell thickness in water.
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Figure 1. Calculated absorption efficiency of (a) Ag compared with Au, (b) pure Fe O, with various particle sizes, and
(c) pure Ag with various particle sizes embedded in water.
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Figure 2. Calculated absorption spectra of Fe,O, @Ag composite particle (solid line) compared with two experimental
spectra (adapted from Sun et al.,2012) and Ag nanoparticle with particle size of 10 nm. Experimental spectra consist of
spectra of pure Fe O, (dash line) and Fe,O, @ Ag core-shell spectra obtained from reaction times of 1 hour (triangle line).
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Figure 3. Calculated absorption spectra of Fe,O, @ Ag composite particle with fixed Ag shell thickness of 5 nm. Fe,O,

core radius (R, ) was varied from 5 nm to 20 nm.

The LSPR positions were found at ~364 nm and
~422 nm, which are on the left and right sides of the LSPR
position obtained from pure Ag (~382 nm), respectively.
Compared with the pure Ag spectrum, the ~382 nm LSPR
peak position, it was found that they shifted to shorter (near
UV) and longer wavelengths (blue of visible light) for the
first and second peaks, respectively. In addition,
experimental results adapted from Sun et al. (2012) were
taken as a comparison with our results. Comparing the first
observation with the pure Fe,O, spectrum, it was clear that
the coating of the Ag nanoshell influenced the light
absorption enhancement. Moreover, the trend line of the
calculated spectrum looked like the two lines of the
experimental results. The second LSPR positions of both
the calculated and the experimental results were found
around 420 nm. However, the Fe,O,/Ag core-shell
composite NPs in Sun et al. (2012) were prepared with
different reaction times of 10 min (diamond line) and 1
hour (triangle line). Moreover, the transmission electron

microscopy (TEM) images of the Fe,O, @Ag composite
NPs, which this group synthesized, did not show uniform
particle sizes. Figure 3 shows the absorption spectra of the
Fe O, @Ag composite particle with a fixed Ag shell
thickness of 5 nm. For the LSPR position on the left side
of 382 nm (LSPR position of pure Ag), when the Fe O,
core radius increased from 5 nm to 20 nm, it was found
that the LSPR position slightly shifted until it reached ~332
nm for a 20 nm Fe,O, core. Whereas, the second peak for
the LSPR on the right side of 382 nm showed a longer
wavelength shifting. It shifted to ~422,~482, ~532,~584,
and ~650 nm for 5, 8, 12, 16, and 20 nm Fe,O, core radii,
respectively. It was observed that the relation between the
LSPR position (A__) and Fe,0, core radius (R, )
was linearas A [nm]=14.641R _ +355.38 as
shown in Figure 4. In addition, it was clear that the coating
of the plasmonic material nano-shell showed light absorp-
tion enhancement corresponding to previous experimental
results (Brollo et al., 2014; Sun et al., 2012).
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Figure 4. Relationship between LSPR position and Fe,O, core radius.
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Figure 5. Calculated absorption spectra of Fe,O, @ Ag composite particle with fixed Fe,O, core radius (R, ) of 16 nm.

The Ag shell thickness (d

shell

Additional calculations of the plasmonic spectra
with increasing Ag shell thicknesses, as shown in Figure
5, had the absorption spectra of three Fe,O, @ Ag compos-
ite NPs with a fixed Fe,O, core radius of 16 nm, and they
were compared with the pure Fe,O, spectrum. These sam-
ples were coated with different thicknesses of Ag shells
consisting of 8 nm, 10 nm, and 15 nm. For the LSPR peak
on the right side of 382 nm, it was found that after coating
the Fe O, with the Ag nanoshell, the light could be en-
hanced. It had shifts in the LSPR peak positions to ~424
nm, ~482 nm, and ~508 nm for the shell thicknesses of 15
nm, 10 nm, and 8 nm, respectively. On the other hand, the
LSPR peak on the left side of 382 nm slightly shifted to a

) was varied from 8 nm to 15 nm.

shorter wavelength as the shell thickness decreased. It
shifted to ~362, ~348, and ~342 nm for the shell
thicknesses of 15 nm, 10 nm and 8 nm, respectively. In
comparison with pure Fe,O,, the calculated absorption
spectra were observed to enhance the light absorption when
coating the Fe,O, with a plasmonic nanomaterial (i.e., Ag).
Moreover, the LSPR peak position could be tuned by
varying both the Fe O, core sizes and plasmonic material
shell thickness. They were in good agreement with the
experimentally determined values in terms of the LSPR
peak position at any dimension of the sample, the enhance-
ment of light absorption, and the changes in the LSPR peak
position as a function of either the Fe,O, core size or the
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Ag shell thickness Lim et al., 2008; Jain et al., 2009; Sun
etal.,2012). The explanation of the physical aspects behind
the LSPR peak position change, as developed by Prodan
et al., relied on the plasmon modes coupling theory (Prodan
and Nordlander, 2003; 2004). In this theory, the metallic
sphere plasmon exhibited from the outer surface of the
metallic shell layer coupled with the cavity plasmons
produced from the inner metallic shell. Due to the finite
thickness of the metallic shell, the sphere plasmon and the
cavity mode interact, leading to a splitting of LSPR into
two new LSPR: antibonding plasmon and symmetric
plasmon. The antibonding coupling results in a higher
energy mode (lower wavelength-shifted), while the
bonding coupling corresponds to a higher wavelength-
shifted LSPR peak. The coupling energy is proportional to
a geometric parameter defined as the ratio between the
inner and outer radii of the metallic shell. This means that
the metallic shell thickness is associated with the interac-
tion distance between two modes, in another word, the
strength of the plasmon interaction. This phenomenon is
therefore determined from the LSPR position. The Fe,O,@
Ag core-shell NP system, shown in Figures 3 and 5, had
the shifting of the LSPR position increase with a decrease
in the geometric parameter, signifying that the mode
coupling increased with a decrease in the geometric
parameter. Therefore, the calculated results were in good
agreement with the plasmon modes coupling theory. In
addition, the calculated results agreed with the experimen-
tal results shown in Figure 2.

4. Conclusion

In summary, the optical properties of plasmonic nanostruc-
tures, mainly in terms of the optical absorption property of
the Fe,O,@Ag core-shell NP, were studied using the DDA
method. The calculated absorption spectra showed that
both the Fe O, core size and the thickness of the Ag shell
influenced the enhancement of the light absorption and the
changes in the LSPR peak positions. Two absorption peaks
appeared in each sample, left side and right side of the
absorption peak of the pure Ag (382 nm). The Fe,O, @Ag
composite material is expected to be applicable in bio-
medicine, nanocatalysis, optic devices, and new func-
tional devices in the future.
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