
Vol.:(0123456789)1 3

Journal of Theoretical and Applied Physics (2019) 13:23–29 
https://doi.org/10.1007/s40094-018-0314-z

RESEARCH

Impact of geometry and magneto‑optical properties on field 
enhancement and optical bistability in core–shell nanoparticles

Tayebeh Naseri1  · Fatemeh Pourkhavari1

Received: 21 August 2018 / Accepted: 14 December 2018 / Published online: 24 December 2018 
© The Author(s) 2018

Abstract
We study the interaction of electromagnetic field with two of the most tunable nanostructure geometries for nanoplasmon-
ics including the magneto-optical nanoshell structure and the spheroidal geometry. We investigate the effect of combining 
both geometry and magneto-optical properties within the same nanostructure on the field enhancement factor and optical 
bistability behaviors. Since the coupling between the inner and outer surface plasmons of the nanoshell is stronger for the 
elongated spheroidal geometry as compared to that for the spherical case, field enhancement in ellipsoid nanoparticles is 
much more saleintiant. Moreover, the plasmonic field enhancement is four orders of magnitude larger for the spheroidal 
nanoshells as compared to spherical nanoshells. In addition to the appearance of optical bistability in this system, it is found 
that the threshold and window of bistability are strongly dependent on magneto-optical properties and geometry of the 
core–shell nanoparticle.
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Introduction

Recently, with the development of nanofabrication technol-
ogy, plasmonics and optical metamaterials, which enable 
control over light at both the micro- and nanometer scale 
beyond the limits of conventional optics, have been attract-
ing considerable attention [1, 2]. An enhanced effective 
nonlinear optical response could be attained through plas-
monic effects. The surface plasmons (SPs) as collective exci-
tations of the electron density control the high-frequency 
electromagnetic response of materials because of their 
affect on intrinsic dielectric and refractive properties, along 
with screening and amplifying external fields at surface 
boundaries.

Since nonlinear effects produce a lot of novel phenomena, 
such as optical bistability (OB), second-harmonic genera-
tion (SHG), optical rectification, absorption coefficient and 
refractive index in different low-dimensional nanomateri-
als, these surprising phenomena can be applied to control 
light with light. For this purpose, plenty of experimental 

and theoretical works have been undertaken, leading to 
the improvement of models and methods approving to link 
nanostructure and nonlinear optical response [3–5]. For 
instance, OB means using a control beam to induce a non-
linear change in the dielectric properties of the materials; 
therefore, adjusting the plasmonic resonances and the propa-
gation of a signal beam would happen [6].

Besides, Kerr nonlinearity as one of the most important 
nonlinear phenomena begins to happen from the fact that 
the permittivity and refractive index of the structure depend 
on intensity [7]. The plasmonic nanostructures can help 
to enhance nonlinear effects; such structures afford field 
enhancement near the metal–dielectric interface, related to 
the localized surface plasmons (LSPs) excitations or sur-
face plasmon polaritons (SPPs) excitations [7]. The local 
electric field enhancement in core–shell nanoparticles has 
an important role in diverse applications such as nonlin-
ear optical effects  [8], optical sensors  [9] and quantum 
optomechanics [10].

The impact of plasmonic nanostructures in all-optical 
switching, or to achieve highly tunable photonic properties, 
based on enhancing Kerr-type nonlinearities has been com-
prehensively studied [11–18].

On the other hand, it has been found that the local-
ized plasmon resonance peak magnitude and its spectral 
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position are strongly dependent on the size, shape, orienta-
tion, optical permittivity and interparticle spacing of the 
nanoparticles as well as on their local environment and 
the surrounding dispersion medium [19, 20]. In spheri-
cal metal nanoparticles, the resonance magnitude tuning 
is weak and the redshift of plasmon resonance generally 
depends on the local dielectric environment [19]. Mostly, 
the plasmon resonance shift does not have high sensitiv-
ity to the dielectric environment fluctuations. However, 
nonspherical nanoparticles exhibit new possibilities for 
plasmon resonance frequency tuning [21, 22]. Plasmon 
resonances in nanoshells of prolate and oblate spheroi-
dal shape have been investigated and showed that both 
longitudinal and transverse resonances are a function of 
aspect ratio and shell thickness [23]. Although the LSPRs 
of spherical nanoshells are studied comprehensively, sphe-
roidal nanoshells have received less attention [22, 24]. 
Experimentally, spheroidal particles consisting of a dielec-
tric core and a gold shell have been synthesized, a nano-
structure known as the nanorice [25]. It has been proved 
that ellipsoidal geometry has better tunability, larger local 
field enhancement and greater LSPR sensitivity than other 
dielectric–metal nanostructures [25]. Nowadays, numerous 
technologies for nanorods and nanospheroids synthesis are 
investigated [26, 27].

On the other hand, modifying LSPs with a magnetic 
field gives rise to new techniques for designing active 
plasmonic apparatuses. By an adequate internal architec-
ture of the constituting components, the magneto-optical 
activity of these systems can be greatly increased due to 
the electromagnetic field enhancement associated with the 
plasmon resonance [28]. Generally, in the presence of an 
applied external magnetic field, propagation constants of 
the magneto-optical (MO) materials would be different for 
circularly polarized waves with right- and left-handed cir-
cular polarizations (RCP and LCP), respectively. This new 
feature can be applied as an external controlling parameter 
to improve nonlinearity in the plasmonic structures. The 
active magneto-plasmonic nanostructures may find their 
applications in optical switching [13, 18]. Magnetic parti-
cles (MPs) in the nanoscales open a new route in modern 
biomedical methods and therapies, which can be applied 
in a variety of biological sensing applications [29].

In the present study, field enhancement factor in 
core–shell ellipsoidal nanoparticles containing a MO 
shell in the quasistatic limit is investigated. Also, we 
calculate the conditions for the existence of the optical 
bistability in a coated ellipsoidal particle with a nonlinear 
magneto-optical shell. The significant role of the size and 
shape distributions of nanoparticle is also demonstrated. 
Our numerical results show stronger field enhancement 
and optical bistability in a nonlinear ellipsoid rather than 
spherical nanoparticles.

Theoretical model and methods

We assume that the uniform electrostatic field Ei is directed 
to a coated ellipsoidal nanoparticle with inner radius Rc and 
outer radius Rs , embedded in the host medium with relative 
permittivity �h as shown in Fig. 1. The most common smooth 
particle without edges- or corners-off regular shape is an 
ellipsoid. The dielectric constants of the core and shell are 
given as �c and �s , respectively.

The dipole approximation is at the basis of many effec-
tive medium models, which can be applied when the NPs 
are much smaller than the wavelength of the light. In this 
small-size limit, it is usually claimed that a heterogeneous 
nanocomposite material can be studied as a homogeneous 
medium whose macroscopic optical response is explained 
by an effective dielectric tensor. It is assumed that in the 
MO medium, magnetization vector is parallel to the z-axis. 
Therefore, the permittivity tensor of the MO shell would be 
in the form of [13]

The off-diagonal component G = ig is considered as the 
strength of MO activity of the media which depends on 
applied magnetic field � , vanishing in its absence. There-
fore, the optical anisotropy and the MO effect of such a 
material are purely induced by the external magnetic field. 
In the noble metal, the enhancement of the MO response due 
to LSPR effects can be attained.

The diagonal component � is defined as the dielectric 
constant of the shell. In this manuscript, the Maxwell’s equa-
tions are linear in the field variables. However, nonlinearity 
and consequently bistability occur due to nonlinear coated 
NPs in which the shell is nonlinear with the field-dependent 

(1)�⃖⃗𝜀s =

⎛
⎜⎜⎝

𝜀 ig 0

−ig 𝜀 0

0 0 𝜀

⎞⎟⎟⎠

Fig. 1  Schematic of the core–shell nanoellipsoid nanoparticle
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permittivity as � = � + �|Es|2 with the third-order nonlinear 
susceptibility � = 3 × 10−9 esu [30].

In order to solve this interaction, we should use the geo-
metrical factors to shift spherical particles into ellipsoid shape 
particle. This process in the case under consideration can be 
done by solving the electrostatic boundary problem for the two 
interfaces: core–shell and shell–environment. The electric field 
in the core, shell and environment regions is correspondingly 
denoted by Es , Ec and Eh.

Here, n⃗ is the unit vector of normal directed from nanopar-
ticles into the external medium. We come to the boundary 
conditions for the first and second interfaces at r = Rc and 
r = Rs in the following form

The following coupled equations for a core–shell ellipsoid 
are achieved

To check these results, we note that a sphere is a special 
ellipsoid with L =

1

3
 . We introduce a new definition what 

we called volume fraction

For the sake of simplicity in calculations, these parameters 
are introduced

(2)

⎧
⎪⎨⎪⎩
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L𝜀cÂ = 𝜀
�
LB̂ + (1 − L)

Ĉ
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(5)
Rc

Rs

= 1 − P

Consequently, the coefficients of the electrical field in 
Eq. (2) can be obtained as follows

The polarization of the incident field [right circular polariza-
tion (RCP) and left circular polarization (LCP)] is consid-
ered as Ei = E0e

ikz(1,±i, 0)T.
By solving the system of equations, the unknown coef-

ficients are calculated

and

where

Therefore, the average electrical field in the core is calcu-
lated as

(6)

⎧
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(7)

⎧
⎪⎪⎨⎪⎪⎩
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(8)Â =

⎛
⎜⎜⎝

a11 ia12 0

−ia12 a11 0

0 0 a33

⎞⎟⎟⎠
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The dielectric function of a plasmonic noble metal is 
descr ibed by the Drude model and given by 
�(�) = �∞ −

�2
p

�(�+i�F)
 , where �p , �F and �∞ are the plasma 

frequency of the metal, the collision frequency of free elec-
trons and the high-frequency part of the dielectric func-
tion [31]. In this study gold is used for the core and the rel-
evant parameters of gold and silver are as follows: 
�Au
p

= 8.9 eV , �Au
∞

= 6.9 , and �Au
F

= 0.072 eV , �Ag
p = 9.2 eV , 

�
Ag
∞ = 3.7 , and �Ag

F
= 0.02 eV, respectively.

Results and discussion

In this section, the field enhancement and OB behavior 
from the core–shell ellipsoidal nanoparticle are numerically 
investigated. As illustrated in Fig. 2, by increasing the vol-
ume fraction P, the field enhancement would be improved 
noticeably. As is well known, the metallic nanoshells evolu-
tion from spherical geometry to spheroidal geometry would 
improve field enhancement in various applications. Hence, 
the field enhancement depends largely on the aspect ratio 
of the outside dimensions of the shell particle. For higher P 
parameter, the volume fraction of magneto-optical shell is 
much more than that of the core. Consequently, we see better 
field enhancement. Interaction light with plasmons leads to 
large electromagnetic field enhancement. In the other words, 
the surface plasmon resonance could induce large local elec-
tromagnetic fields.

The most remarkable feature of these graphs is the pres-
ence of two peaks in the enhancement factor graph at two 

different frequencies. The positions and values of these max-
ima strongly depend on P. By increasing P, both maxima 
become higher and move closer to each other. It should be 
noted that another parameter that affects the enhancement 
factor in this nanostructure and causes the appearance of 
the second peak is nonlinearity of the metallic part of the 
nanoparticle [32].

Figure 3 shows the effect of depolarization factor on the 
field enhancement. For spherical nanoparticles, the field 
enhancement is less than that for ellipsoidal nanoparticles 
under the same circumstances. This means that the enhance-
ment factor increases for large depolarization factor; hence, 
the maximum enhancement factor is observed for prolate 
geometry which is four times more than that for spherical 
nanoparticle. It was shown that the enhanced optical proper-
ties originate from increased plasmon coupling between the 
inner and outer surface plasmons in the spheroidal nanoshell 
structure [33].

In Fig. 4 field enhancement for right circular polarization 
(RCP) and left circular polarization (LCP) of incident field 
is plotted. For these two different polarizations, frequency 
shifting does not happen. However, for LCP field enhance-
ment is more than that for RCP.

Field enhancement for different values of g is investigated 
in Fig. 5. It can be easily seen that g could modify the sur-
face conductivity and tunable surface plasmon resonance is 
achievable by adjusting the MO parameter of the shell as a 
consequence of external magnetic field.

For the comparison between the influences of depo-
larization factor on the OB of core–shell nanoparticles, 
the average local core field as a function of the applied 

Fig. 2  Field enhancement factor for core–shell nanoparticle for differ-
ent values of P, L = 0.37 , R

s
= 10 nm , g = (−1 + 0.15i)10−2 , � is for 

Au, �
c
= 2.25 , and �

h
= 1

Fig. 3  Enhancement factor for core–shell nanoparticle for different 
values of L, P = 0.6 , R

s
= 10 nm , � is for Au, g = (−1 + 0.15i)10−2 , 

�
c
= 2.25 , and �

h
= 1
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electromagnetic field for different values of L is plotted in 
Fig. 6. It can be seen that under the same situation, the elec-
tromagnetic field does not show optical bistability in the 
small range of input field intensities for spherical core–shell 
nanoparticles, whereas, in ellipsoidal nanoparticles, OB is 
observed. Interestingly, OB behavior would be improved in 
the prolate geometry. By increasing L factor, the hysteresis 
loop of OB increases and one can see OB behavior for wider 
range of incident electromagnetic fields.

Figure 7 illustrates the impact of the parameter P on the 
OB response. When the shell is a MO plasmonic material, 
increasing P or the shell fraction leads to decreases in the 

threshold intensity obviously. It can be seen from the simu-
lations that the position of the LSPR and consequently the 
nonlinearity for such core–shell NPs are effectively manipu-
lated by the presence of the geometrical characteristics such 
as the thickness of the shell and the ratio between them.

Fig. 4  Enhancement factor for core–shell nanoparticle for RCP and 
LCP of incident field, L = 0.37 , P = 0.6 , R

s
= 10 nm , � is for Au, 

g = (−1 + 0.15i)10−2 , �
c
= 2.25 , and �

h
= 1

Fig. 5  Enhancement factor for core–shell nanoparticle in the 
absence and presence of external magnetic field, L = 0.37 , P = 0.6 , 
R
s
= 10 nm , � is for Au, g = (−1 + 0.15i)10−2 , �

c
= 2.25 , and �

h
= 1

Fig. 6  Optical bistability curves |E
c
| as a function of the incident 

applied field |E
0
| for a core–shell nanoparticle for different values of 

L, P = 0.6 , R
s
= 10 nm , � is for Au, g = (−1 + 0.15i)10−2 , �

c
= 2.25 , 

and �
h
= 1

Fig. 7  Optical bistability curves |E
c
| as a function of the incident 

applied field |E
0
| for a core–shell nanoparticle for different val-

ues of P. L = 0.37 , R
s
= 10 nm , � is for Au, g = (−1 + 0.15i)10−2 , 

�
c
= 2.25 , and �

h
= 1
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It should be noted that in this manuscript, the Maxwell’s 
equations are treated as linear in the field variables. There-
fore, we solved linear problems by definition. OB occurs 
then due to Kerr nonlinearity of the magneto-plasmonic 
shell. Since the small MNPs with size below 100 nm are 
the best candidate in in vivo biomedical imaging and drug 
delivery in order to ensure endocytosis in target organs and 
cells [34] and also coated MNPs with shell have a significant 
role in generating successful biomedical applications [35, 
36], this model would offer a precise magneto-optics-based 
biological sensor.

Conclusion

In conclusion, field enhancement and OB behavior of an 
ellipsoidal magneto-optical core–shell nanoparticles is 
investigated theoretically. We demonstrated that the hys-
teresis responses strongly depend on parameters such as 
MO parameter and geometrical parameter of NP. In brief, 
they are the most important factors that restrict the further 
decrease in the switching intensities in OB. Due to consid-
erable field enhancement, giant optical nonlinearities and 
tunable optical property, they could potentially open a new 
route for achieving all-optical switching, optical sensor and 
optical memory.

Open Access This article is distributed under the terms of the Crea-
tive Commons Attribution 4.0 International License (http://creat iveco 
mmons .org/licen ses/by/4.0/), which permits unrestricted use, distribu-
tion, and reproduction in any medium, provided you give appropriate 
credit to the original author(s) and the source, provide a link to the 
Creative Commons license, and indicate if changes were made.
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