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Optical tuning of nanospheres through phase
transition: an optical nanocircuit analysis

Alexander Cuadrado, Johann Toudert, Braulio Garcı́a-Cámara, Ricardo Vergaz,
Francisco J. González, Javier Alda, Rosalı́a Serna

Abstract—Plasmonic nanostructures can be described by an
equivalent impedance, allowing the analysis of their properties
and performance by an RLC circuit equivalent model. In this
work the equivalent impedance has been obtained from a power
budget calculation that takes into account the dielectric functions
of the matrix and the nanostructured material, the nanostructure
geometry (in this case spheres), the light wavelength, and its
polarization. When Bi or Ga nanospheres are considered, the
equivalent circuit undergoes a switching from a capacitive to
and inductive response when the materials change their phase
from solid to liquid. Finally, this approach is applied to the design
of reconfigurable metamaterials.

Index Terms—Plasmonics, Nanophotonics.

I. INTRODUCTION

Nanoparticles and nanostructures are at the core of nanopho-
tonic devices due to their unique properties to focus light
on subwavelength dimensions, and to selectively scatter op-
tical radiation at different frequencies. These properties have
been used to propose devices with applications in telecom-
munications and sensing [1], [2]. In addition, it has been
shown that engineered materials, or metamaterials, built with
nanoparticles show a great potential to manipulate the light
response, paving the way for the development of nanoscale
optical circuits for on-chip signal processing [1], [3], [4]. In
this context it is necessary to develop strategies to design
the basic units of such devices. The analogy between optical
and electric circuits makes possible to define nanoresitors,
nanoinductors, and nanocapacitors [5], [6], [7], [8]. Through
these principles, some works have experimentally studied the
optical response of metamaterials and antenna coupled devices
[9], [10], [11], [12]. Also, by using an analytical model that
considers the voltage and current values inside these structures,
it is possible to obtain the impedance of metal nanoparticles
[6], [13]. Accordingly, the impedance of the nanoparticles is
related to the dielectric functions of their constituent material.
This contribution analyzes this issue, and studies how the
impedance of the system can be tuned by the geometry
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of nanoparticles, and by varying the dielectric permittivity
function of the system by an external excitation that produces
a solid-liquid phase transition.

Typically, the variation of the optical response of metal
nanoparticles embedded in a medium (i.e. a plasmonic struc-
ture) has been demonstrated by modifying the dielectric
function of the medium. For example, this can be done by
exploiting the non-linear properties of Lithium Niobate [14],
or the solid-solid phase transition of Vanadium Oxides, V2O5

and V2O [15]. Another interesting option is to modify the
dielectric response of the nanoparticles by inducing a phase
transition in the material [16] [17], that also changes its
impedance. Phase transition triggered by temperature has been
used to modify the electromagnetic response of superconduc-
tor materials including plasmonic structures in nanostructured
metamaterials [18] [19]. In this work, we show that the optical
impedance of Bismuth (Bi) or Gallium (Ga) nanoparticles
can be tuned thanks to the solid-liquid transition. The low
temperature phase transition of Bi and Ga facilitates the
embedding of these nanoparticles within a dielectric matrix
that remains solid across the phase transition [20], [21]. Using
this, we evaluate the response of a simple metasurface built
from nanospheres.

II. IMPEDANCE CALCULATION

The impedance of the spheres has been calculated using a
power budget model [8] by means of a Finite Element Method
tool (Comsol Multiphysics). The study is made for Bi and
Ga nanospheres with two different diameters (30 and 300
nm), both in solid and liquid phase. The resonant wavelength
and the reactive and resistive power distributions have been
evaluated spectrally in the visible and near infrared. In order to
fit with common experimental cases, these nanospheres have
been immersed in Aluminum Oxide, Al2O3, as surrounding
medium. This is a highly transparent media in the UV-VIS-
NIR range of this study (0.3-1.65 µm).

Consider that a single nanoparticle is illuminated by plane
waves. In this case, it can be modeled as a lumped emitter-
receptor element, or as an electromagnetic radiation source
[22]. Its total power is PT = |I|2Z/2, where Z is the nanopar-
ticle impedance and I is defined as the average induced current
flowing through the particle. This total power is composed
of PT = Ploss + Prad + i(Pn + PM), where Ploss is the
power loss (Joule heating) in the nanoparticle [24], Prad, is
the radiative power generated by it, and finally, Pn and PM,
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are the reactive power stored within the nanoparticle and the
matrix respectively. These power values are:

Ploss =
1

2

∫
Vn

J∗Edv, (1)

Prad =
1

2

∫
ST

nSscds, (2)

Pn = 2ω

∫
Vn

(Wm −We)dv, (3)

PM = 2ω

∫
VT−Vn

(Wm −We)dv, (4)

where J is the induced current density in the nanoparticle, E
is the electric field, Ssc is the Poynting vector of the scattered
electromagnetic field, and ω is the angular frequency. Vn is the
volume of nanoparticles, while ST and VT are the surface and
volume respectively of the spherical domain of calculation that
extends as far as the far-field, being n an unitary vector at this
surface. Finally, We = Re(ε|E|2)/4, and Wm = Re(µ|H|2)/4
are the electric and magnetic energy respectively, where ε is
the electric permittivity, and µ is the magnetic permeability.
These powers are related to the so defined equivalent resistance
and reactance values of the nanoparticles as follows

Rloss =
2Ploss
|I|2

, Rrad =
2Prad
|I|2

, (5)

Xn =
2Pn
|I|2

, XM =
2PM
|I|2

, (6)

where, Rloss and Rrad are the loss and radiative resistances,
Xn is the reactance of the nanoparticle due to the electromag-
netic field within the particle, and XM is the reactance due
to the electromagnetic field generated by the nanoparticle in
the matrix. The total impedance of the system is then given as
Z = R+ iX , where R = Rloss +Rrad, and X = Xn +XM.

III. IMPEDANCE SWITCHING

Reactance is strongly related to the real part of the dielectric
function, ε′r, of the material, generally showing its same sign
[6]. Plasmonic materials, among them Bi and Ga, show a
negative real dielectric permittivity, while transparent matrix
materials present a positive one. The reactance of a metallic
nanoparticle embedded into a dielectric matrix is inductive,
Xn > 0, whereas that of the matrix is capacitive, Xn < 0.
Considering the inductance of the nanoparticle and the capac-
itance of the matrix, we can model the nanoparticle-matrix
system as the RLC equivalent series circuit shown in Fig. 1.a.

Figures 1.b-e show the real and imaginary parts of the
dielectric function of solid Ga and Bi. The real part, ε′r, of both
materials is negative for short wavelengths and then becomes
positive for wavelengths longer than 0.65 µm for Ga, and
1.25 µm for Bi. Both Ga and Bi nanospheres show plasmonic
resonances in the UV related with the negative values of ε′r,
[21], [23]. As the wavelength increases, the imaginary part,
ε′′r , increases significantly, enhancing losses in the material.
These figures also show the dielectric function of liquid Ga and
Bi. For the liquid phase, the behavior changes significantly,
ε′r being negative and decreasing for the whole wavelength

Fig. 1. a) RLC equivalent circuit of the nanoparticle-matrix system. Spectral
dependence of the real [(b) and (c)], and imaginary [(d) and (e)] parts of the
dielectric function, εr , of Ga and Bi bulk materials both for the solid (So)
and liquid (Li) phases [22], [24].

range. Thus, a solid-liquid phase transition changes the op-
tical behavior of nanospheres made of Ga or Bi [24]. The
temperatures of these solid-liquid phase transition are quite
low, around 300K for Ga and 550K for Bi [20], [24]. Then,
it is possible to embed Ga or Bi nanoparticles in dielectric
materials having a higher melting temperature, such as Al2O3

(2345 K) or SiO2, (1986 K) [25], and then it is possible to
induce a solid-liquid phase transition in the nanoparticle while
the matrix and surroundings remains unchanged [24], [17].
Some previous results involving the calculation of the spectral
extinction efficiencies of Bi nanospheres [26] have opened the
way for a detailed evaluation of the impedance tuning using
Bi and Ga nanospheres.

Fig. 2. Spectral variation of the resistance and reactance of Gallium and
Bismuth nanospheres with a diameter of 30 nm ((a) and (b)), and 300 nm ((c)
and (d)), considering both solid and liquid nanospheres embedded in Al2O3.
The reactance and capacitance regions are marked with the respective symbols
L and C.

In Fig. 2 we have plotted both the real and imaginary
parts of the impedance of the nanoparticle-matrix system as
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a function of the wavelength for Ga and Bi, both in solid
and liquid phases for two diameter values of the nanosphere.
These diameters were selected to show the different behavior
of small and large nanospheres.

Fig. 2.a shows that for small nanospheres (30 nm diameter),
resistance changes significantly in the infrared across the solid-
liquid phase transition. This change is around ∆R = 63Ω
for Ga, and ∆R = −16Ω for Bi. This variation is related
with the differences in the dielectric function between the solid
and liquid states (see Figs. 1.d and 1.e). The reactance of the
nanosphere also behaves different for solid and liquid state. For
small nanospheres (30 nm in diameter) an inductive character
is found along the studied spectral range, both for Ga and Bi,
and for both liquid and solid states (see Fig. 2.b). For small
nanospheres, the maximum reactance value always appears at
infrared wavelengths. In addition, Fig. 2.b shows that, for Ga
nanospheres at short wavelengths (λ < 0.9µm), the reactance
values are larger for the liquid than for the solid phase, while,
at longer wavelengths, the opposite behavior takes place. In
contrast, Bi nanospheres show an opposite behavior with a
crossing point at λ = 1µm. Larger particles (300 nm diameter)
have a similar behavior through the solid-liquid transition, and
in this case the maximum reactance is reached in the UV.

Fig. 3. Current density (J) inside a 300nm-diameter nanosphere for liquid
and solid phases, made of Ga (left) and Bi (right). The scale used to represent
the currents is the same for every plot, and they have been calculated using
Comsol Multiphysics.

For large diameter nanoparticles there is a remarkable fea-
ture that is worth to analyze. Both solid Ga and Bi nanospheres
behave as capacitors in a certain range in the Vis-NIR, whereas
liquid nanospheres perform as inductors (see Fig.2.d). This
property allows switching the resonant wavelength of the
equivalent RLC series circuit, just by changing temperature
externally and producing a transition to the liquid phase. In
fact, this change turns the RLC (band pass circuit), into a
RC high/low pass circuit. Furthermore, it is interesting to
understand why this capacitive behavior occurs by analyzing
the charge distribution within the nanosphere. Since conduc-
tivity is proportional to ε′′r , the induced currents circulating
within the nanosphere also increase with ε′′r . Therefore, a
significant increase in ε′′r , as Ga and Bi materials show when ε′r
become positive, also corresponds to an augmented inductive
character of the nanospheres that can overcome the capacitive
behaviour related with ε′r > 0 values. When the nanosphere
radius increases, most of the electric charge is localized close
to the surface, while in its core, the relative electric field
increases. Thus, when ε′r > 0, the total field generated inside
a large nanosphere could change sign. This effect causes
an induced current with opposite direction, localized near

Fig. 4. Resonant wavelength obtained from the Mie theory (solid lines), and
through the RLC equivalent circuit model (points), for solid Gallium and
Bismuth nanospheres as a function of their diameter.

core that reduces the magnetic power of the nanosphere.
The reduction of the nanosphere inductance for solid state,
is shown by the opposite induced current density modes, J,
which are generated inside the nanosphere (see Fig. 3).

To test the capability of the equivalent circuit approach
to determine the optical response of the system we have
calculated the resonant wavelength of the circuit,

λr = 2πc
√
Ln(λ)CM(λ), (7)

where c is the speed of light in vacuum, Ln is the inductance
of the nanoparticle, and CM is the capacitance contributed by
the matrix. Inductance and capacitance are given in terms of
the reactance as L = X/ω, and C = −1/(Xω) respectively
[21]. Optically, for noble metals, the plasmonic resonance
condition appears when ε′n = −2εM [5], [11]. However,
for materials with a high ε′′r values, as Ga and Bi, or for
larger nanostructures, typically above 10 nm, the resonant
wavelength is not calculated by this expression, also depending
on the geometry. In the case of nanospheres, the resonant
wavelength can be calculated by Mie theory [27], and the
results are shown in Figure 4. This figure shows an excellent
agreement between the calculated resonant wavelengths for
solid Ga and Bi nanospheres, obtained through the equivalent
RLC circuit model presented in this paper, or from Mie theory.
We have limited our calculation to a diameter range where the
Mie theory needs to be applied to properly account for the field
distribution in the nanosphere.

IV. METASURFACE ARRANGEMENT

Using the RLC model it is possible to generate a cus-
tomized metasurface by assembling spheres with different
sizes and arrangements [11]. If the spheres are aligned along
the propagation of the incoming wavefront, they are elements
in series in the equivalent circuit. When spheres are aligned
perpendicularly, they combine in parallel [5]. The impedance
value for a metasurface depends on the distance between
nanoparticles. This distance is related to the generation of
constructive or destructive resonating modes [28]. Figures 5.a
and 5.b show extinction and reactive efficiencies calculated as,
σext = (Ploss + Prad)/(IincA), σim = (Pn + PM)/(IincA),
where Iinc is the incoming irradiance, and A is the geometric
cross section of the sphere. The nanoparticles are 300 nm-
diameter solid Bi nanospheres, and 100-nm diameter solid
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Fig. 5. Spectral dependence of the extinction (a) and reactive (b) efficiencies,
σext and σim. The amplitude of the incident electric field is: E = 1V/m. c)
Modulus of the electric field for the resonant wavelengths. The electric vector
is linearly polarized and it is contained within the plane of the figure.

Ga nanospheres. The distance between spheres is equal to
their diameter. We have marked those wavelengths where
reactive and extinction efficiencies become null and maxi-
mum respectively, corresponding to the resonant condition.
Ga nanospheres show a dipolar resonance at λ = 420 nm
(see Fig. 5.a). Bi nanospheres show two resonances, related
to a quadrupole and a dipole mode, at λ = 640nm and
950nm, respectively (see Fig. 5.b). This spectral behavior can
be changed when moving to the liquid phase. The near fields
for these cases, calculated by simulations, are presented in
Figure 5.c.

V. CONCLUSIONS

In summary, we have evaluated the impedance of metal
nanospheres embedded in a dielectric matrix using a power
budget model, considering them as optical lumped elements.
In particular we have applied the modeling to the study of
Ga and Bi nanospheres both in the solid and liquid phases.
We have found a large resistance variation and a reactance
change through the phase transition. We have also applied
the model to metasurfaces, obtaining their multipolar resonant
wavelengths. Finally, we conclude that the use of Bi or Ga
materials, with a low temperature phase transition, opens the
way to obtain active elements for nanophotonic circuits, whose
impedance can be switched by temperature-driven techniques,
maintaining the geometry and characteristics of the system.
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