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Abstract: The scattering of electromagnetic waves by isotropic dielectric cylinders can be dramatically
modified by means of vanadium dioxide (VO2) thin-film coatings. Efficient dynamic control of
scattering is achieved due to the variations in material parameters realizable by means of external
biasing. In this paper, we study the scattering of terahertz waves in a case where the coating shells
are made of VO2, a phase-change material, whose thin films may work rather as electromagnetic
phase screens in the insulator material phase, but as lossy quasi-metallic components in the metallic
material phase. The shells that uniformly cover the dielectric cylinders are investigated. Attention
will be paid to the demonstration of the potential of VO2 in the external control of diverse scattering
regimes of the dielectric-VO2 core–shell scatterer, while conductivity of VO2 corresponds to rather
insignificant variations in temperature. In line with the purposes of this work, it is shown that
the different resonant and nonresonant regimes have different sensitivity to the variations in VO2

conductivity. Both the total scattering cross section and field distributions inside and around the core
are studied, as well as the angle-dependent scattering cross section.

Keywords: phase-change materials; vanadium dioxide; conductivity; temperature; scattering cross
section; Mie resonances

1. Introduction

Phase-change materials (PCMs) represent a wide class of materials whose proper-
ties can be dramatically changed by means of biasing [1,2]. PCMs have been extensively
used in the last decade in the areas of photonics, advanced electromagnetics, and ap-
plied physics. In particular, such thermally tunable materials as VO2, GST, and InSb,
have been used [3–11]. Transition from the metallic (insulator) to the insulator (metallic)
phase depends on whether heating or cooling is applied, i.e., higher conductivity corre-
sponds to higher temperature. The attractiveness of PCMs and other tunable materials
(e.g., graphene [12] and transparent conducting oxides [13]) is well known, especially in
the context of the growing interest in reconfigurable and multifunctional devices working
in different frequency ranges [14–17]. The aforementioned materials can be incorporated in
the form of thin uniform layers, resonance enabling or nonresonant inserts to meta-atoms,
or like patterned surfaces [8,10,18–27]. Despite huge progress in nano- and microstructures
comprising PCMs, this research area is still far from saturation.

While the components made of phase-change and other tunable materials serve as en-
ablers of a particular functionality of metastructures and relevant applications [28–34], the
studies of individual scatterers of canonical shape represent a separate research direction.
Indeed, the aim of the latter is to find the basic features of diverse wave scattering processes,
which can be used as input for the design of metastructures for particular applications.
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Spherical and cylindrical single scatterers or building elements of heterostructures and
metasurfaces are often two-component, e.g., they represent core–shell [12,35] or metal–
insulator–metal (MIM) [36] structures. It is well known that adding a shell to the original
core or metallic components to the original insulator component may completely change
the scattering scenario [35,37]. For instance, covering a scatterer with a suitable (uniform
or non-uniform) shell may enable superscattering and/or invisibility [38–41]. Making
such scatterer actively tunable or switchable opens a new avenue towards significant rein-
forcement of functional capability [37,42–44]. This remains true regarding the (structures
containing) core–shell scatterers with VO2 components [45–47]. However, tunable mate-
rials are unavoidably lossy, which may make a desired functionality impossible, so that
the sophisticated ways to their incorporation and, therefore, advanced designs are often
needed to mitigate it.

In this paper, we numerically study the scattering of terahertz waves by core–shell
cylinders, in which a thin shell is made of VO2, while the core is made of Si, an isotropic
dielectric material. A big advantage of VO2 is that the phase transition is achieved at
relatively low temperatures. The main purpose here is to examine the sensitivity of resonant
and nonresonant scattering regimes of dielectric cylindrical scatterers to the thermally
controlled changes in conductivity of the thin VO2 coating shell in a part of the phase
transition range, which corresponds to relatively low temperatures and can be achieved
rather at insignificant temperature variations. The study is restricted to the cylindrical
geometry, one of the canonical geometries of the scatterer, for which analytical solutions
for electromagnetic field components can be obtained in terms of the series comprising
the special mathematical functions. It will be shown that even a thin VO2 shell can totally
change the scattering characteristics, as well as the field distribution inside the core. We use
a relatively narrow range of variation in VO2 conductivity, i.e., it is only varied by a factor
of 50, while a much wider range of variation (i.e., by factor of 104 and more) has often been
considered; see, e.g., Refs. [4,48]. Accordingly, the applied temperature shall be varied just
very insignificantly (e.g., by even less than 5 K). This range corresponds to a part of the
range of transition from the metallic phase to the insulator phase of VO2. Simulations are
performed by using conventional Fourier–Bessel series that enable an analytical solution
for the amplitudes of spatial harmonics, and thus for near-field and far-field scattering
characteristics. The paper is organized as follows. Section 2 presents geometry, material
properties and model. Section 3 is dedicated to the thermal tuning of total scattering cross
section (SCS). The field distributions in the dielectric core and around it are discussed
for different values of VO2 in Section 4. The angular effects arising in the far field are
investigated in Section 5. Finally, Section 6 presents a brief conclusion.

2. Geometry, Materials, and Model

The studied structure represents a core–shell cylinder, which is infinitely long in the
direction perpendicular to (x,y)-plane; see Figure 1a. The observation angle, ϕ, is measured
from x-axis in the counter-clockwise direction. The structure is illuminated by a linearly
polarized plane wave from the side of negative x values, i.e., ϕ = π corresponds to the
incidence direction. It is assumed that the core is dielectric, e.g., Si with ε = 12, for the sake
of definiteness. The shell is made of VO2, which is a widely used PCM material showing
an insulator–metal–insulator transition [1,49]. The monoclinic-to-tetragonal phase change
underlying transition to metallic phase occurs under the increase in temperature, T, say,
from nearly 330 K to 345 K [50]. It is known to be reversible but hysteretic while cooling.
The values of the complex relative permittivity of VO2 strongly depend on crystallographic
phase; it varies quickly with T in the transition region.
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Figure 1. (a) General geometry and directions of vectors of electric (E) and magnetic (H) fields and
wavevector (k) in case of TE polarization; in case of TM polarization, E is along the cylinder axis
while H lays in (x,y)-plane; (b) schematic demonstrating the principle of thermally tunable scattering.

There are different models and data sets for the permittivity and conductivity of VO2;
see Refs. [51–54]. For instance, according to Ref. [48], the relative permittivity of VO2 can
be described in the terahertz range by

εVO2(ω) = ε∞ −
(
ωp,VO2

)2/[ω(ω + i/τVO2)], (1)

where ω = 2π f is angular frequency, f is frequency; ε∞ = 9, ωp,VO2 = (σVO2/ε0τVO2)
1/2,

ε0 = 8.85 × 1012 F/m is free-space permittivity, τVO2 = 2.27 fs is relaxation time; con-
ductivity σVO2 = 40 S/m for the insulator phase (T = 300 K) and 5 × 105 S/m for the
metallic phase (T = 400 K). This model has been qualitatively justified by a number of
experimental studies, including the recent ones, but there may be some differences re-
garding the assignment of a given σVO2 value to a particular value of T. The problem can
be even more complicated if we take into account the hysteretic nature of the transition,
but this is beyond the scope of this work. In our study, we adopt the model based on
Equation (1), in which different values of σVO2 are used, but it is not concretized to which T
values they should correspond. The range of σVO2 that is considered in this paper extends
from σVO2 = 102 S/m to σVO2 = 5 × 103 S/m, so it is expected to be obtainable at small
variations in T.

Fourier–Bessel series that represent general solutions of Maxwell equations suggest a
proper option for this study involving only isotropic materials. The conventional procedure
of obtaining amplitudes of spatial harmonics is straightforward (see, e.g., [55]): first, the
axial field (Hz for TE polarization or Ez for TM polarization) is presented as a proper
combination of the cylindrical and exponential functions; second, imposing the boundary
conditions for the tangential field components in three spatial domains, i.e., r < b, b < r < a,
and r > a, yields equations for the unknown amplitudes for all three domains; finally, these
equations are solved analytically for the amplitudes. Once they are known, near-zone fields
and far-field characteristics can be calculated. Note that the thermal control of scattering by
means of thin films of a phase-change material can also be implemented for anisotropic
cylinders, although more complex and effort-consuming approaches are needed in this
case, e.g., see [56–58]. At the same time, a simplified version of one of them [58], which
allows one to use a finite-size source of electromagnetic waves instead of a plane wave, can
be adapted to an isotropic case.

To quantify scattering in the far zone, the normalized total SCS is used, being given by

σt = (ka)−1
∞

∑
m=−∞

cmc∗m, (2)

where k = ω/c is free-space wavenumber, with c being speed of light; cm are amplitudes
of spatial harmonics in Fourier–Bessel series at r > a; the asterisk indicates a complex
conjugate; ka can be understood as normalized frequency. In Equation (2), σt is normalized
by SCS of the perfectly conducting cylinder of the radius a. This characteristic accumulates
contributions from all observation angles, i.e., from 0 to 2π. Also, knowledge of the
amplitudes allows us to calculate the ϕ-dependent scattering cross section, σϕ.
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3. Tuning Total Scattering Cross Section

In this section, we present the results obtained for σt. Figure 2 shows σt as a function
of ka, at two selected values of the VO2 film thickness, t = a − b, i.e., 0.5 µm and 2 µm,
while b = 80 µm. For comparison, the results are also presented for the uncoated dielectric
cylinder. The values of σVO2 are chosen such that they correspond to a part of the material
phase transition range, for which temperature is varied insignificantly and kept relatively
low, i.e., T = 330–340 K.

As observed in Figure 2a,b for both TE and TM polarizations at t = 0.5 µm, the
basic effect arising due to the increase in σVO2 is the damping of the scattering maximums,
which are mainly connected with volumetric (Mie) resonances [59,60]. The strength of
scattering strongly depends on the value of σVO2, and hence, on the value of T. Existence
of the maximums of σt is predetermined by whether the core permittivity is sufficiently
large to excite resonances at given sizes. In our case, the maximums occur in a wide
range of variation in ka, so that the electrical size of the scatterer is changed from a deep
subwavelength to a more than half-wavelength size. Notably, the sharper peaks of σt
observed in Figure 2a,b at ka ≈ 1.8 and ka ≈ 2.2 are strongly sensitive to variation in
σVO2, even if it is relatively small. As observed, a rather strong damping can be achieved,
even if adding a shell with σVO2 = 102 S/m to the dielectric core. Generally speaking, the
larger Q-factor, the lower the σ-cutoff is, starting from which the σt maximums are almost
totally damped.

(a)

(b)

(c)

(d)

Figure 2. Total SCS, σt, as a function of ka, for b = 80 µm: (a) t = 0.5 µm, TE polarization,
(b) t = 0.5 µm, TM polarization, (c) t = 2 µm, TE polarization, (d) t = 2 µm, TM polarization.
Conductivity of VO2, σVO2 , takes the following values: 102 S/m, 1.4 × 102 S/m, 2.5 × 102 S/m,
5 × 102 S/m, 103 S/m, 2.5 × 103 S/m, 5 × 103 S/m (blue lines). Arrows indicate the increase in σVO2 ;
for comparison, σt is shown in the shell-free case (red line).

In turn, here are two scenarios of behavior of σt between the neighboring maximums.
In some cases, σt is not changed, regardless of the extent of variation in σVO2, as occurs,
for instance, at ka = 1.2 in Figure 2a and around ka = 1.25 in Figure 2b. In the other
cases, like the one at ka = 1.5 in Figure 2a, a weak scattering (i.e., imperfect invisibility)
regime still may be sensitive to the variations in σVO2, leading to σt being somehow higher
for larger σVO2 but remaining low even at small σVO2. In fact, there are no significant
differences between TE and TM polarizations, except for the aforementioned imperfect
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invisibility regime, which occurs for the former. In turn, moderately strong scattering is
achieved for the respective spectral regime at TE polarization. Notably, the ka values that
correspond to the minimums and maximums of σt can be just insignificantly different for
the two polarizations. The discussed features allow us to selectively control scattering in
different parts of the spectrum.

In Figure 2c,d, similar results are presented for t = 2 µm, i.e., we apply now a
four-fold increase in the shell thickness. One can see that the basic features are not changed
as compared to the ones in Figure 2a,b. The only significant difference is that the regime of
weak visibility, which is observed in Figure 2c for TE polarization at ka = 1.5 when σVO2
is small, can be switched now for moderate visibility by increasing σVO2. Moreover, the
first maximum in Figure 2d becomes sharper, and hence more sensitive to variations in
σVO2, so that there may be a significant difference in σt, even when σVO2 does not exceed
102 S/m. Next, the sharp resonances observed at ka > 2 in Figure 2a, at ka > 1.7 in
Figure 2b, at ka > 1.8 in Figure 2c, and ka > 1.4 in Figure 2d either are strongly damped or
totally disappear. So, they cannot be gradually tuned in the whole range of σVO2 variations,
although some kind of on–off switching in the case of sharp resonances is still achievable
by using σVO2 = 0 and σVO2 = 102 S/m. In other words, the resonance may entirely
disappear by a relatively small value of σVO2. From the obtained results, it follows that
the three main scenarios are possible due to active tuning of the VO2 shell: (i) stronger
sensitivity at the SCS maximums attributed to volumetric resonances; (ii) weaker sensitivity
in the spectral ranges between the maximums; and (iii) on–off switching in the case of very
sharp resonances.

As follows from the comparison of Figure 2a,c and Figure 2b,d, sensitivity of σt to
the σVO2 variations becomes stronger while the VO2 shell thickness is increased. However,
the sensitivity to the thickness variation strongly depends on whether a resonant or a
nonresonant scattering regime is considered. Moreover, for narrower maximums of σt,
thinner VO2 shells are sufficient in order to obtain significant sensitivity of σt to the σVO2

variations, whereas the shell should be thicker in case of wider maximums.
Figure 3 presents similar results as in Figure 2, but for b = 60 µm, at the two values

of t. As observed in Figure 3a,b, there is just an insignificant difference in σt for the cases
without a shell and with the shell with σVO2 = 102 S/m. The remaining sensitivity-related
features are the same as in Figure 2a,b, e.g., the ranges with different sensitivity to the
variations in σVO2 are alternating. In contrast with Figure 2a, the regime of weak visibility
in Figure 3a (at ka ≈ 1.5) is slightly sensitive to the variations in σVO2. It may be expected
that the significantly larger values of σVO2 are needed to switch here for a moderately
strong scattering.

One more interesting feature is observed in Figure 3b. The range of weak sensitivity of
scattering to the σVO2 variations extends from ka ≈ 1.18 to ka ≈ 1.38, while insignificantly
varying σt. In contrast, the behavior of σt observed in Figure 3c in a wide range of ka
variations, i.e., at 0.65 < ka < 1.1, shows that it is sensitive to the σVO2 variations in a wide
range. It looks like the best manifestation of the wideband gradual change of σt.

Switching between weak and moderately strong visibility is observed in Figure 3c
at ka = 1.5, similarly to Figure 2c. In the both cases, the shell with a larger σVO2 yields
higher σt than that with a smaller σVO2. This differs from most of the studied regimes in
Figures 2 and 3, in which σt is higher when σVO2 is smaller. Moreover, as seen in
Figures 2d and 3d (for instance, in the vicinity of ka = 1.3), σt can be higher for larger σVO2,
but the weak visibility (imperfect invisibility) regime is not achieved. On the other hand, in
Figure 3a,b, the σt values at smaller σVO2 exceed the σt values at larger σVO2 in the entire ka
range, except for the vicinity of ka = 1.5, in which σt at larger σVO2 is nearly the same but
very slightly larger than the one at smaller σVO2.

More results obtained by using either Fourier–Bessel series [see Equation (2)] or
COMSOL Multiphysics 6.1 commercial software [61] and relevant discussions can be
found in Supplementary Material. In particular, Figure S1 presents a numerical simulation
environment and an example of extinction efficiency. Figures S2 and S3 illustrate the



Materials 2024, 17, 260 6 of 14

behavior of a single-scattering albedo, a scattering cross-section, and an absorption cross-
section vs. ka, in order to clarify the possible contribution of absorption to the resulting
scattering scenarios. Figure S4 presents σt [calculated using Equation (2)] at the continuous
variation in the VO2 shell thickness, t. Finally, Figure S5 presents σt [calculated using
Equation (2)] at the continuous variation in σVO2.

(c)

(d)

(a)

(b)

(c)

(d)

Figure 3. Total SCS, σt, as a function of ka, for b = 60 µm: (a) t = 0.2 µm, TE polarization;
(b) t = 0.2 µm, TM polarization; (c) t = 2 µm, TE polarization; (d) t = 2 µm, TM polarization.
Conductivity of VO2, σVO2 , takes the values 102 S/m, 1.4 × 102 S/m, 2.5 × 102 S/m, 5 × 102 S/m,
103 S/m, 2.5 × 103 S/m, 5 × 103 S/m (blue lines). Arrows schematically show the changes of σVO2

from smaller to larger values; for comparison, σt is shown in the case without shell (red line).

4. Fields in/around the Dielectric-PCM Core–Shell Structure

Now, let us consider the axial field distribution in the core and outside it but still
in vicinity of the scatterer, for three selected values of σVO2 and five selected values
of ka. Consideration is restricted to the case of TE polarization (i.e., when the mag-
netic field is the axial field). The results are presented in Figure 4, so that each of the
five rows of the plots corresponds to different values of ka, whereas σVO2 is increased
from left to right. Accordingly, each of the three columns corresponds to different values
of σVO2, while ka is increased from top to bottom. The plot rows from top to bottom
correspond to the first maximum, first minimum, second maximum, second minimum
(case of weak visibility), and third maximum of σt, which are observed in Figure 2c.
When σVO2 = 102 S/m, the dipolar component (|m| = 1) is the most contributive com-
ponent (space component) in Fourier–Bessels series that represent the axial field inside
the dielectric core (i.e., |b1| = max|bm|, where bm stands for the coefficients of the series at
r < b), although the pattern shows some asymmetry due to other components of the series
(e.g., m = 0). The field patterns in Figure 4a,b look similar, but differ in terms of magnitude
and extent of asymmetry, so we cannot distinguish between a strong scattering regime and
a weak scattering regime while using only field patterns in the core.
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x

y

Figure 4. Magnitude of magnetic field, |Hz|, at (a–e) σVO2 = 102 S/m, (f–j) σVO2 = 103 S/m,
(k–o) σVO2 = 5 × 103 S/m; (a,f,k) ka = 1.023, (b,g,l) ka = 1.21, (c,h,m) ka = 1.39, (d,i,n) ka = 1.52,
(e,j,o) ka = 1.768; TE polarization; axes’ directions shown in the inset are the same for all plots from
(a–o). Dashed white circles show location of the shell.

Next, in Figure 4c, the quadrupolar component (|m| = 2) is dominant. On the con-
trary, in Figure 4d, the observed pattern results from the joint effect of the different spatial
components: first of all, the ones with |m| = 0 and |m| = 2, which leads to weak visibility
(imperfect invisibility). Finally, Figure 4e shows the field distribution at the third maximum
of σt. Here, the spatial components with |m| = 3 are the main contributors. Notably, in
Figure 4a–e, just weak asymmetry in the field pattern is observed. This feature is not kept
when σVO2 is further increased, because the difference between max|bm| and coefficients for
other contributive space harmonics is decreasing. In Figure 4f–j, the results are presented for
σVO2 = 103 S/m. Similarly to Figure 4a–e, one cannot distinguish between the minimums
and maximums of σt based on these results. The general trend observed in Figure 4f–j is the
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enhancement of the field’s asymmetry, which is attributed to the effects exerted by the cur-
rents in the shell. Although the number of spatial maximums for σVO2 = 103 S/m remains
the same as for σVO2 = 102 S/m, asymmetry manifests itself in such a way that the maxi-
mums at the core’s front (i.e., incidence) side are weaker than those at the back (i.e., opposite)
side. Notably, intuition says that stronger sensitivity of σt to the variations in σVO2 should
lead to a stronger change in max|bm|, while just weaker changes should occur when σt is
weakly sensitive to σVO2 variations. Moreover, in the regime of switching between weak
visibility and moderately strong scattering, the coefficients bm are changed dramatically; see
Figures 2c, 3c and 4d,j,n.

The further increase in σVO2 may yield new features. In Figure 4k–o, the results are
presented for σVO2 = 5 × 103 S/m. Now, no feature indicates the dominant contribution
of the series terms with a particular value of |m|. Indeed, Fourier–Bessel series at r < b
have now two [as in Figure 4k] or three [as in Figure 4m–o] comparably contributing
space harmonics. All patterns here are asymmetric and show only one pronounced spatial
maximum in the core. Interestingly, the number of the pronounced spatial maximums
over ϕ is not affected here by the applied ka variations. Based on the obtained results, it is
natural to expect that the redistribution of the currents in the shell, being dependent on ϕ
and σVO2 is crucial for the appearance of the observed field features.

Generally speaking, asymmetry of the field pattern originates from asymmetry in
excitation. When σVO2 is so small that the shell behaves rather as a phase screen, asymmetry
in the field distribution may only originate from the fact that the cylindrical geometry is
illuminated by a plane wave (i.e., from a particular side). When σVO2 is increased, the
shell starts behaving as a conducting screen that changes conditions of excitation of the
resonances in the core and serves as the cause of stronger asymmetry. In order to obtain
a symmetric field pattern, in both cases, it is necessary to illuminate the structure by a
properly chosen number of the incident plane waves whose incidence angles are distributed
from 0 to 2π, according to the particular symmetry requirements.

5. Angular Effects

In this section, we will investigate the variation of scattering as a function of the
observation angle, ϕ. As an example, Figure 5a presents σϕ (in a.u.) on (ka,ϕ)-plane for TE
polarization at b = 80 µm and t = 2 µm, whereas σVO2 = 102 S/m. Backscattering (ϕ = π)
is dominant at strong scattering (i.e., when σt is large), but forward scattering (ϕ = 0) is
also significant. In fact, here we have two basic types of the ϕ-dependence at given ka:
(a) both forward scattering and backscattering are significant; (b) only backscattering is
significant. From the obtained results, it follows that there are the regions on (ka,ϕ)-plane,
in which σϕ does not exceed a particular preset value. Note that although there may be a
coincidence between the number of the maximums over ϕ in the field patterns in the core
and the number of the maximums of σϕ for some cases, we have rather an unambiguous
correspondence between them in the general case.

To further clarify the specifics of contribution of different ϕ-ranges to the overall
scattering and specifics of scattering in different ϕ-ranges, Figure 5b–f shows σϕ vs. ka
for forward, backward, and three intermediate scattering cases. Obviously, the well-
pronounced minimums of σt as a function of ka mean that the minimums of σϕ are expected
to appear for all values of ϕ. In contrast, quite strong maximums of σϕ may appear even if
σt is low within a particular part of the entire ϕ range. As observed, the maximum of σϕ

occurs at ka = 1.023 for both forward (ϕ = 0◦) and backward (ϕ = 180◦) scattering, and
for ϕ = 135◦, but it is rather weak at 45◦, and 90◦, see Figure 5b–f. This type of far-field
behavior correlates well with the main contribution of the components with |m| = 1 in
the near field; see Figure 4a. In turn, for the maximum at ka = 1.39, scattering is strong at
ϕ = 0◦, 90◦ and 180◦, but weak at ϕ = 45◦ and 135◦; it agrees with the main contribution of
the components with |m| = 2 to the field distribution in the core, as observed in Figure 4c.
It is noteworthy that for the both ka = 1.023 and ka = 1.39, the number of the maximums
of σϕ over ϕ (p) in Figure 5a–f is equal to the number of the maximums of field magnitude
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in the core (q) in Figure 4a,c. Next, at ka ≈ 1.77, σϕ is high at ϕ = 45◦ and 180◦, but tends
to zero at ϕ = 0◦ and 135◦. In this case, we observe that p ̸= q, i.e., σϕ is near zero in
vicinity of the particular ϕ values, at which the axial field inside the core has the maximum.
Finally, at ka ≈ 2, we observe the maximums of σϕ at ϕ = 135◦ and 180◦, but weak or
moderately high σϕ at other angles, which indicates the main role of backscattering in the
overall scattering process.

A
n
gl
e

fw bw 135 45 90

(a)

(b) (c) (d) (e) (f)

(g)

(h)
ka

Figure 5. Angle-dependent scattering cross section, σϕ (a.u.), for TE-polarization at σVO2 = 102 S/m:
(a) axial field pattern plotted on (ka,ϕ)-plane; σϕ vs. ka at (b) ϕ = 0◦ (forward scattering), (c) ϕ = 180◦

(backscattering), (d) ϕ = 135◦, (e) ϕ = 45◦ (side scattering), (f) ϕ = 90◦; σϕ vs. ϕ at (g) ka = 1.48 and
(h) ka = 1.584. In plots (b–f), σϕ is shown by red solid line; σt ̸= f (ϕ) is shown by blue dashed line
for comparison; observation angle, ϕ, is shown at the ordinate axis in plot (a) and at the abscissa axis
in plots (g,h) in units of π; note that the different normalizations are used for σt and σϕ, for the sake
of simplicity of simulations; arbitrary units used for σϕ are the same in all plots.

Figure 5g,h presents σϕ as a function of ϕ for the selected values of ka, with the purpose
of demonstrating that either forward or backward scattering can dominate for the two close
and carefully adjusted ka values. This happens due to the fact that the regions of high σϕ,
which are observed in Figure 5a for the same resonance regimes but at different ϕ, may
show different widths and are somehow shifted with respect to each other in terms of ka.
In fact, we observe in Figure 5g the forward scattering features that are associated with
Kerker effect, but in our case, the region of backscattering is rather shifted than suppressed,
in contrast to what is observed when the Kerker conditions are fulfilled; see [62–64]. The
forward scattering is achieved here at the price of relatively low efficiency. It is worth noting
that the scattering features observed in Figure 5g and those in Figure 5h are attributed
to different resonances. At the same time, similar shifts are observed in Figure 5a in the
vicinity of ka = 1 and in the vicinity of ka = 1.39.

While σVO2 is growing, σt as a function of ka is smoothing and resonances are becoming
weaker pronounced (see Figures 2 and 3). At the same time, the field pattern is significantly
modified (see Figure 4). Figure 6a shows σϕ on the (ka,ϕ)-plane for TE polarization when
σ = 2.5 × 103 S/m is taken. We can see that sharp (narrowband) features like the ones
observed in Figure 5a do not appear herein. Strong and wideband backscattering takes
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place at 1.9 < ka < 2.3, but forward scattering is also not vanishing, and in some cases can
be said to be moderate.

For the sake of completeness, Figure 6b,c show σϕ on the (ka,ϕ)-plane for TM polar-
ization, at σVO2 = 102 S/m and σVO2 = 2.5 × 103 S/m, respectively. In Figure 6b, we
can see that the basic features are similar as the ones for TE polarization. In particular,
it is observed that backscattering dominates in the overall scattering; ka ranges with the
dominant backscattering and with the dominant forward scattering can be slightly shifted
along the ka axis, so that the forward scattering can be dominant. Notably, the patterns
in Figures 5a and 6b shown for σVO2 = 102 S/m are rather similar to those at σVO2 = 0,
but here, we are interested in small but nonzero values, because they can be a part of the
tunable scenarios. The field pattern presented in Figure 6c shows similar features as the
ones in Figure 6a in the case of TM polarization. The only principal difference is that σϕ in
Figure 6c is also rather large at ka < 1, not only around ka = 2.
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comparison; observation angle, ϕ, is shown at the ordinate axis in plot (a) and at the abscissa axis in
plots (g,h) in units of π; note that the different normalizations are used for σt and σϕ, for the sake of
simplicity of simulations; arbitrary units used for σϕ are the same in all plots.
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6. Conclusions

In this paper, we numerically studied the effects of the thermally biased conductivity
of vanadium dioxide (VO2) on scattering by core–shell (here, dielectric-VO2) cylindrical
structures. The results were obtained for the both far- and near-field characteristics. The
conductivity of VO2, σVO2, was varied in a relatively narrow range, i.e., from 102 S/m to
5 × 103 S/m, but it is shown to be sufficient for enabling dramatic changes in the scattering.
Strong sensitivity of scattering to the variations in σVO2(T) has been observed, even if the
thickness of the VO2 shell is small compared to the core diameter, which is less than the
free-space wavelength within the considered frequency range.

By choosing sizes of the core and shell, we can achieve a particular (set of) tun-
ing/switching scenario(s). Different sensitivity to the VO2 variations is achieved for dif-
ferent volumetric resonances in the core, so that the sharper the maximum (i.e., higher
Q-factor), the stronger the sensitivity to variations of σVO2. Along with the regimes of
strong and weak (or even vanishing) sensitivity, which appear, respectively, at and between
the resonance maximums, and which are discussed in detail in this paper, it is worth
mentioning that adding even a weak but nonzero conductivity results in the suppression of
the most sharp (highest-Q) maximums of the scattering cross section, as occurs, for instance,
when changing the conductivity from very small values to 102 S/m. Therefore, only the
range of small σVO2 is suitable for obtaining tunable scattering scenarios in this case. Also,
switching between weak visibility (imperfect invisibility) and moderate scattering can
be achieved.

From the obtained results, it follows that the regimes of weak/moderate and strong
scattering cannot be distinguished, based on the near-field patterns, because they differ
rather by the field magnitude. Generally, an increase in σVO2 leads to both the field
distribution in the core and the total scattering cross section being changed significantly. In
particular, the extent of asymmetry of the former with respect to the scatterer mid-plane
(i.e., the plane perpendicular to the incidence direction) is increasing with σVO2.
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Angular dependence of the scattering cross section is shown to be strongly sensi-
tive to the variations in σVO2 with T. At σVO2 = 102 S/m, it is found the the angular
dependence of the scattering cross section is very coherent for lower-order resonances
with the features observed in the field distributions inside the core. However, additional
consideration is needed for higher-order resonances. The differences in the scattering
scenarios at σVO2 ∝ 102 S/m and σVO2 ∝ 103 S/m are clearly indicated. The obtained
results further demonstrate the perspectiveness of PCMs in active control of scattering.
As the next steps of this research program, it is planned to study the specifics of tunable
scattering on the partially coated cylinders, adjust the temperature range required to ob-
tain the targeted range of σVO2, study scattering under a hysteretic behavior of VO2, and
introduce optical switching by means of carrier generation in PCM film for both two- and
three-dimensional structures.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ma17010260/s1, Figure S1: Depiction of the Numerical Simu-
lation Environment and an exemplary Extinction Efficiency plot for different conductivities for TE
illumination. Figure S2: TE polarization incident on the cases investigated in Figure 2c. Presenting
Single Scattering Albedo, Absorption and Scattering Cross Section values for three distinct conductiv-
ity values. Figure S3: TM polarization incident on the cases investigated in Figure 2d. Presenting
Single Scattering Albedo, Absorption and Scattering Cross Section for three distinct conductivity
values. Figure S4: TE Normalized SCS values for the scanned VO2 thicknesses plotted for different
frequencies and for three distinct VO2 conductivity values. Figure S5: TE Normalized SCS values for
the scanned VO2 conductivities plotted for different frequencies and for two distinct VO2 thicknesses.

Author Contributions: Conceptualization, A.O.C. and A.E.S.; methodology, A.O.C. and E.C.; numeri-
cal simulations, A.O.C., E.C. and A.E.S.; analysis of the results, E.C. and A.E.S.; writing, A.O.C., E.C.
and A.E.S. All authors have read and agreed to the published version of the manuscript.

Funding: Contribution of A.E.S. was funded by Narodowe Centum Nauki, Project UMO-2020/39/I/
ST3/02413. A.O.C. would like to thank Open Access Publication Support Funds provided by Grand
Valley State University.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data underlying the results presented in this paper are not publicly
available, but can partially be obtained from the corresponding author upon a reasonable request.

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations
The following abbreviations are used in this manuscript:

MIM Metal–Insulator–Metal
PCM Phase-Change Material
Q-factor Quality factor
SCS Scattering Cross-Section

References
1. Adler, D. Mechanisms for metal-nonmetal transitions in transition-metal oxides and sulfides. Rev. Mod. Phys. 1968, 40, 714–736.

[CrossRef]
2. Le Gallo, M.; Sebastian, A. An overview of phase-change memory device physics. J. Phys. D Appl. Phys. 2020, 53, 213002.

[CrossRef]
3. Ke, Y.; Wang, S.; Liu, G.; Li, M.; White, T.J.; Long, Y. Vanadium dioxide: The multistimuli responsive material and its applications.

Small 2018, 14, 1802025. [CrossRef] [PubMed]
4. Cueff, S.; John, J.; Zhang, Z.; Parra, J.; Sun, J.; Orobtchouk, R.; Ramanathan, S.; Sanchis, P. VO2 nanophotonics. APL Photon. 2020,

5, 110901. [CrossRef]
5. Shi, R.; Shen, N.; Wang, J.; Wang, W.; Amini, A.; Wang, N.; Cheng, C. Recent advances in fabrication strategies, phase transition

modulation, and advanced applications of vanadium dioxide. Appl. Phys. Rev. 2019, 6, 011312. [CrossRef]

https://www.mdpi.com/article/10.3390/ma17010260/s1
https://www.mdpi.com/article/10.3390/ma17010260/s1
http://doi.org/10.1103/RevModPhys.40.714
http://dx.doi.org/10.1088/1361-6463/ab7794
http://dx.doi.org/10.1002/smll.201802025
http://www.ncbi.nlm.nih.gov/pubmed/30085392
http://dx.doi.org/10.1063/5.0028093
http://dx.doi.org/10.1063/1.5087864


Materials 2024, 17, 260 12 of 14

6. Lu, H.; Clark, S.; Guo, Y.; Robertson, J. The metal–insulator phase change in vanadium dioxide and its applications. J. Appl. Phys.
2021, 129, 240902. [CrossRef]

7. Cormier, P.; Son, T.V.; Thibodeau, J.; Doucet, A.; Truong, V.-V.; Haché, A. Vanadium dioxide as a material to control light
polarization in the visible and near infrared. Opt. Commun. 2017, 382, 80–85. [CrossRef]

8. Leitis, A.; Heßler, A.; Wahl, S.; Wuttig, M.; Taubner, T.; Tittl, A.; Altug, H. All-dielectric programmable Huygens’ metasurfaces.
Adv. Func. Mater. 2020, 30, 1910259. [CrossRef]

9. Wuttig, M.; Yamada, N. Phase-change materials for rewriteable data storage. Nat. Mater. 2007, 6, 824–832. [CrossRef]
10. Serebryannikov, A.E.; Lakhtakia, A.; Vandenbosch, G.A.E.; Ozbay, E. Transmissive terahertz metasurfaces with vanadium dioxide

split-rings and grids for switchable asymmetric polarization manipulation. Sci. Rep. 2022, 12, 3518. [CrossRef]
11. Iyer, P.P.; Butakov, N.A.; Schuller, J.A. Reconfigurable semiconductor phased-array metasurfaces. ACS Photon. 2015, 2, 1077–1084.

[CrossRef]
12. Christensen, T.; Jauho, A.-P.; Wubs, M.; Mortensen, N.A. Localized plasmons in graphene-coated nanospheres. Phys. Rev. B 2015,

91, 125414. [CrossRef]
13. Cleary, J.W.; Smith, E.M.; Leedy, K.D.; Grzybowski, G.; Guo, J. Optical and electrical properties of ultra-thin indium tin oxide

nanofilms on silicon for infrared photonics. Opt. Mater. Express 2018, 8, 1231–1245. [CrossRef]
14. He, Q.; Sun, S.; Zhou, L. Tunable/reconfigurable metasurfaces: Physics and applications. SPJ Res. 2019, 2019, 1849272. [CrossRef]

[PubMed]
15. Xu, H. X.; Tang, S.; Cai, T.; Sun, S.; He, Q.; Zhou, L. Multifunctional Metasurfaces: Design Principles and Device Realizations; Morgan

and Claypool Publication: San Rafael, CA, USA, 2021.
16. Vashistha, V.; Krawczyk, M.; Serebryannikov, A.E.; Vandenbosch, G.A.E. Light guiding, bending, and splitting via local

modification of interfaces of a photonic waveguide. Opt. Lett. 2019, 44, 4725–4728. [CrossRef] [PubMed]
17. Deng, Z.L.; Cao, Y.; Li, X.; Wang, G.P. Multifunctional metasurface: From extraordinary optical transmission to extraordinary

optical diffraction in a single structure. Photon. Res. 2018, 6, 443–450. [CrossRef]
18. Kepic, P.; Ligmajer, F.; Hrton, M.; Ren, H.; Menezes, L.D.S.; Maier, S.A.; Sikola, T. Optically tunable Mie resonance VO2

nanoantennas for metasurfaces in the visible. ACS Photon. 2021, 8, 1048–1057. [CrossRef]
19. Kashif, M.F.; Stomeo, T.; Vincenti, M.A.; De Vittorio, M.; Scalora, M.; D’Orazio, A.; de Ceglia, D.; Grande, M. Design of

vanadium-dioxide-based resonant structures for tunable optical response. Opt. Lett. 2022, 47, 2286–2289. [CrossRef]
20. Earl, S.K.; James, T.D.; Gómez, D.E.; Marvel, R.E.; Haglund, R.F.; Roberts, A. Switchable polarization rotation of visible light

using a plasmonic metasurface. APL Photon. 2017, 2, 016103. [CrossRef]
21. Serebryannikov, A.E.; Lakhtakia, A.; Ozbay, E. Thermally switchable, bifunctional, scalable, mid-infrared metasurfaces with

VO2 grids capable of versatile polarization manipulation and asymmetric transmission. Opt. Mater. Express 2022, 12, 4594–4605.
[CrossRef]

22. Pradhan, J.K.; Ramakrishna, S.A.; Rajeswaran, B.; Umarji, A.M.; Achanta, V.G.; Agarwal, A.K.; Ghosh, A. High contrast
switchability of VO2 based metamaterial absorbers with ITO ground plane. Opt. Express 2017, 25, 9116–9121. [CrossRef]
[PubMed]

23. Petronijevic, E.; Centini, M.; Cesca, T.; Mattei, G.; Bovino, F.A.; Sibilia, C. Control of Au nanoantenna emission enhancement of
magnetic dipolar emitters by means of VO2 phase change layers. Opt. Express 2019, 27, 24260–24273. [CrossRef] [PubMed]

24. de Galarreta, C.R.; Alexeev, A.M.; Au, Y.; Lopez-Garcia, M.; Klemm, M.; Cryan, M.; Bertolotti, J.; Wright, C.D. Nonvolatile
reconfigurable phase-change metadevices for beam steering in the near infrared. Adv. Func. Mater. 2018, 28, 1704993. [CrossRef]

25. Liu, M.; Xu, Q.; Chen, X.; Plum, E.; Li, H.; Zhang, X.; Zhang, C.; Zou, C.; Han, J.; Zhang, W. Temperature-controlled asymmetric
transmission of electromagnetic waves. Sci. Rep. 2019, 9, 4097. [CrossRef] [PubMed]

26. Lai, W.; Shi, R.; Yuan, H.; Liu, G.; Amini, A.; Cheng, C. Fully optically tunable and flexible composite films for enhanced terahertz
control and multifunctional terahertz devices. ACS Appl. Electron. Mater. 2021, 3, 3044–3051. [CrossRef]

27. Nakata, Y.; Fukawa, K.; Nakanishi, T.; Urade, Y.; Okimura, K.; Miyamaru, F. Reconfigurable terahertz quarter-wave plate for
helicity switching based on Babinet inversion of an anisotropic checkerboard metasurface. Phys. Rev. Appl. 2019, 11, 044008.
[CrossRef]

28. Wang, Q.; Rogers, E.T.F.; Gholipour, B.; Wang, C.-M.; Yuan, G.; Teng, J.; Zheludev, N.I. Optically reconfigurable metasurfaces and
photonic devices based on phase change materials. Nat. Photon. 2016, 10, 60–65. [CrossRef]

29. Lv, T.; Li, Y.; Qin, C.; Qu, J.; Lv, B.; Li, W.; Zhu, Z.; Li, Y.; Guan, C.; Shi, J. Versatile polarization manipulation in vanadium
dioxide-integrated terahertz metamaterial. Opt. Express 2022, 30, 5439–5449. [CrossRef]

30. Kim, M.; Jeong, J.; Poon, J.K.S.; Eleftheriades, G.V. Vanadium-dioxide-assisted digital optical metasurfaces for dynamic wavefront
engineering. J. Opt. Soc. Am. B 2016, 33, 980–988. [CrossRef]

31. Zhang, C.; Zhou, G.; Wu, J.; Tang, Y.; Wen, Q.; Li, S.; Han, J.; Jin, B.; Chen, J.; Wu, P. Active control of terahertz waves using
vanadium-dioxide-embedded metamaterials. Phys. Rev. Appl. 2019, 11, 054016. [CrossRef]

32. Seo, M.; Kyoung, J.; Park, H.; Koo, S.; Kim, H.-S.; Bernien, H.; Kim, B. J.; Choe, J. H.; Ahn, Y. H.; Kim, H.-T.; et al. Active terahertz
nanoantennas based on VO2 phase transition. Nano Lett. 2010, 10, 2064–2068. [CrossRef] [PubMed]

33. Lv, T.T.; Li, Y.X.; Ma, H.F.; Zhu, Z.; Li, Z.P.; Guan, C.Y.; Shi, J.H.; Zhang, H.; Cui, T.J. Hybrid metamaterial switching for
manipulating chirality based on VO2 phase transition. Sci. Rep. 2016, 6, 23186. [CrossRef] [PubMed]

http://dx.doi.org/10.1063/5.0027674
http://dx.doi.org/10.1016/j.optcom.2016.07.070
http://dx.doi.org/10.1002/adfm.201910259
http://dx.doi.org/10.1038/nmat2009
http://dx.doi.org/10.1038/s41598-022-07265-6
http://dx.doi.org/10.1021/acsphotonics.5b00132
http://dx.doi.org/10.1103/PhysRevB.91.125414
http://dx.doi.org/10.1364/OME.8.001231
http://dx.doi.org/10.34133/2019/1849272
http://www.ncbi.nlm.nih.gov/pubmed/31549047
http://dx.doi.org/10.1364/OL.44.004725
http://www.ncbi.nlm.nih.gov/pubmed/31568427
http://dx.doi.org/10.1364/PRJ.6.000443
http://dx.doi.org/10.1021/acsphotonics.1c00222
http://dx.doi.org/10.1364/OL.455457
http://dx.doi.org/10.1063/1.4968840
http://dx.doi.org/10.1364/OME.465468
http://dx.doi.org/10.1364/OE.25.009116
http://www.ncbi.nlm.nih.gov/pubmed/28437996
http://dx.doi.org/10.1364/OE.27.024260
http://www.ncbi.nlm.nih.gov/pubmed/31510318
http://dx.doi.org/10.1002/adfm.201704993
http://dx.doi.org/10.1038/s41598-019-40791-4
http://www.ncbi.nlm.nih.gov/pubmed/30858496
http://dx.doi.org/10.1021/acsaelm.1c00260
http://dx.doi.org/10.1103/PhysRevApplied.11.044008
http://dx.doi.org/10.1038/nphoton.2015.247
http://dx.doi.org/10.1364/OE.447453
http://dx.doi.org/10.1364/JOSAB.33.000980
http://dx.doi.org/10.1103/PhysRevApplied.11.054016
http://dx.doi.org/10.1021/nl1002153
http://www.ncbi.nlm.nih.gov/pubmed/20469898
http://dx.doi.org/10.1038/srep23186
http://www.ncbi.nlm.nih.gov/pubmed/27000427


Materials 2024, 17, 260 13 of 14

34. Wen, Q.-Y.; Zhang, H.-W.; Yang, Q.-H.; Xie, Y.-S.; Chen, K.; Liu, Y.-L. Terahertz metamaterials with VO2 cut-wires for thermal
tunability. Appl. Phys. Lett. 2010, 97, 021111. [CrossRef]

35. Averitt, R.D.; Westcott, S.L.; Halas, N.J. Linear optical properties of gold nanoshells. J. Opt. Soc. Am. B 1999, 16, 1814–1823.
[CrossRef]

36. Kurokawa, Y.; Miyazaki, H.T. Metal-insulator-metal plasmon nanocavities: Analysis of optical properties. Phys. Rev. B 2007,
75, 035411. [CrossRef]

37. Serebryannikov, A.E.; Alici, K.B.; Ozbay, E.; Lakhtakia, A. Thermally sensitive scattering of terahertz waves by coated cylinders
for tunable invisibility and masking. Opt. Express 2018, 26, 1–14. [CrossRef]

38. Chen, P.-Y.; Soric, J.; Alù, A. Invisibility and cloaking based on scattering cancellation. Adv. Mater. 2012, 24, OP281–OP304.
[CrossRef]

39. Nicorovici, N.A.P.; McPhedran, R.C.; Enoch, S.; Tayeb, G. Finite wavelength cloaking by plasmonic resonance. New J. Phys. 2008,
10, 115020. [CrossRef]

40. Serebryannikov, A.E.; Usik, P.V.; Ozbay, E. Non-ideal cloaking based on Fabry-Perot resonances in single-layer high-index
dielectric shells. Opt. Express 2009, 17, 16869–16876. [CrossRef]

41. Huang, Y.; Gao, L. Superscattering of light from core–shell nonlocal plasmonic nanoparticles. J. Phys. Chem. C 2014, 118,
30170–30178. [CrossRef]

42. Riso, M.; Cuevas, M.; Depine, R.A. Tunable plasmonic enhancement of light scattering and absorption in graphene coated
subwavelength wires. J. Opt. 2015, 17, 075001. [CrossRef]

43. Velichko, E.A. Evaluation of a graphene-covered dielectric microtube as a refractive-index sensor in the terahertz range. J. Opt.
2016, 18, 035008. [CrossRef]

44. Alkhoori, H.M.; Lakhtakia, A. Thermally controllable reduction of absorption and extinction of a dielectric sphere by an InSb
coating. Optik 2022, 260, 168992. [CrossRef]

45. Ke, Y.; Balin, I.; Wang, N.; Lu, Q.; Tok, A.I.Y.; White, T.J.; Magdassi , S.; Abdulhalim, I.; Long, Y. Two-dimensional SiO2/VO2
photonic crystals with statically visible and dynamically infrared modulated for smart window deployment. ACS Appl. Mater.
Interfaces 2016, 8, 33112–33120. [CrossRef]

46. Rahimi, E.; Koucheh, A.B.; Sendur, K. Temperature assisted reflection control using VO2/Si core-shell nanoparticles. Opt. Mater.
Express 2022, 12, 2974–2981. [CrossRef]

47. Baqir, M.A.; Choudhury, P.K.; Naqvi, Q.A.; Mughal, M.J. On the scattering and absorption by the SiO2-VO2 core-shell nanoparticles
under different thermal conditions. IEEE Access 2020, 8, 84850–84857. [CrossRef]

48. Wang, D.; Zhang, L.; Gu, Y.; Mehmood, M.Q.; Gong, Y.; Srivastava, A.; Jian, L.; Venkatesan, T.; Qiu, C.-W.; Hong, M. Switchable
ultrathin quarter-wave plate in terahertz using active phase-change metasurface. Sci. Rep. 2015, 5, 15020. [CrossRef] [PubMed]

49. Shi, R.; Chen, Y.; Cai, X.; Lian, Q.; Zhang, Z.; Shen, N.; Amini, A.; Wang, N.; Cheng, C. Phase management in single-crystalline
vanadium dioxide beams. Nat. Commun. 2021, 12, 4214. [CrossRef]

50. Kakiuchida, H.; Jin, P.; Nakao, S.; Tazawa, M. Optical properties of vanadium dioxide films during semiconductive-metallic
phase transition. Jpn. J. Appl. Phys. 2007, 46, L113–L116. [CrossRef]

51. Dicken, M.J.; Aydin, K.; Pryce, I.M.; Sweatlock, L.A.; Boyd, E.M.; Walavalkar, S.; Atwater, H.A. Frequency tunable near-infrared
metamaterials based on VO2 phase transition. Opt. Express 2009, 17, 18330–18339. [CrossRef]

52. Wan, C.; Zhang, Z.; Woolf, D.; Hessel, C.M.; Rensberg, J.; Hensley, J.M.; Xiao,Y.; Shahsafi, A.; Salman, J.; Richter, S.; et al. On the
optical properties of thin-film vanadium dioxide from the visible to the far infrared. Ann. Physik 2019, 531, 1900188. [CrossRef]

53. Cakir, M.C.; Kocer, H.; Durna, Y.; Yildirim, D.U.; Ghobadi, A.; Hajian, H.; Aydin, K.; Kurt, H.; Saglam, N.; Ozbay, E. Unveiling
the optical parameters of vanadium dioxide in the phase transition region: A hybrid modeling approach. RSC Adv. 2020, 10,
29945–29955. [CrossRef] [PubMed]

54. Zhu, H.; Li, J.; Du, L.; Shan, L.; Li, P.; Lu, X.; Feng, T.; Das, S.; Huang, W.; Shi, Q.; et al. VO2-metallic hybrid metasurfaces for agile
terahertz wave modulation by phase transition. APL Mater. 2022, 10, 031112. [CrossRef]

55. She, H.Y.; Li, L.W.; Martin, O.J.; Mosig, J.R. Surface polaritons of small coated cylinders illuminated by normal incident TM and
TE plane waves. Opt. Express 2008, 16, 1007–1019. [CrossRef] [PubMed]

56. Watson, E.B.; Wanser, K.H.; Farley, K.A. Anisotropic diffusion in a finite cylinder, with geochemical applications. Geochim.
Cosmochim. Acta 2010, 74, 614–633. [CrossRef]

57. Kuhler, L.; Raveu, N.; Le Fur, G.; Duchesne, L. The modal expansion theory applied to 3-D metamaterial waveguides characteri-
zation. Prog. Electromag. Res. M 2020, 92, 31–41. [CrossRef]

58. Valagiannopoulos, C. Study of an electrically anisotropic cylinder excited magnetically by a straight strip line. Prog. Electromag.
Res. 2007, 73, 297–325. [CrossRef]

59. Chong, K.E.; Wang, L.; Staude, I.; James, A.R.; Dominguez, J.; Liu, S.; Subramania, G.S.; Decker, M.; Neshev, D.N.; Brener, I.; et al.
Efficient polarization-insensitive complex wavefront control using Huygens’ metasurfaces based on dielectric resonant meta-
atoms. ACS Photon. 2016, 3, 514–519. [CrossRef]

60. Proust, J.; Bedu, F.; Gallas, B.; Ozerov, I.; Bonod, N. All-dielectric colored metasurfaces with silicon Mie resonators. ACS Nano
2016, 10, 7761–7767. [CrossRef]

61. COMSOL Multiphysics Reference Manual, Version 6.1. COMSOL, Inc. Available online: www.comsol.com (accessed on
18 November 2023).

http://dx.doi.org/10.1063/1.3463466
http://dx.doi.org/10.1364/JOSAB.16.001814
http://dx.doi.org/10.1103/PhysRevB.75.035411
http://dx.doi.org/10.1364/OE.26.000001
http://dx.doi.org/10.1002/adma.201202624
http://dx.doi.org/10.1088/1367-2630/10/11/115020
http://dx.doi.org/10.1364/OE.17.016869
http://dx.doi.org/10.1021/jp508289z
http://dx.doi.org/10.1088/2040-8978/17/7/075001
http://dx.doi.org/10.1088/2040-8978/18/3/035008
http://dx.doi.org/10.1016/j.ijleo.2022.168992
http://dx.doi.org/10.1021/acsami.6b12175
http://dx.doi.org/10.1364/OME.462859
http://dx.doi.org/10.1109/ACCESS.2020.2992499
http://dx.doi.org/10.1038/srep15020
http://www.ncbi.nlm.nih.gov/pubmed/26442614
http://dx.doi.org/10.1038/s41467-021-24527-5
http://dx.doi.org/10.1143/JJAP.46.L113
http://dx.doi.org/10.1364/OE.17.018330
http://dx.doi.org/10.1002/andp.201900188
http://dx.doi.org/10.1039/D0RA05890D
http://www.ncbi.nlm.nih.gov/pubmed/35518258
http://dx.doi.org/10.1063/5.0081244
http://dx.doi.org/10.1364/OE.16.001007
http://www.ncbi.nlm.nih.gov/pubmed/18542174
http://dx.doi.org/10.1016/j.gca.2009.10.013
http://dx.doi.org/10.2528/PIERM20010804
http://dx.doi.org/10.2528/PIER07041203
http://dx.doi.org/10.1021/acsphotonics.5b00678
http://dx.doi.org/10.1021/acsnano.6b03207
www.comsol.com


Materials 2024, 17, 260 14 of 14

62. Zambrana-Puyalto, X.; Fernandez-Corbaton, I.; Juan, M.L.; Vidal, X.; Molina-Terriza, G. Duality symmetry and Kerker conditions.
Opt. Lett. 2013, 38, 1857–1859. [CrossRef]

63. Alaee, R.; Filter, R.; Lehr, D.; Lederer, F.; Rockstuhl, C. A generalized Kerker condition for highly directive nanoantennas. Opt.
Lett. 2015, 40, 2645–2648. [CrossRef] [PubMed]

64. Pors, A.; Andersen, S.K.; Bozhevolnyi, S.I. Unidirectional scattering by nanoparticles near substrates: Generalized Kerker
conditions. Opt. Express 2015, 23, 28808–28828. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://dx.doi.org/10.1364/OL.38.001857
http://dx.doi.org/10.1364/OL.40.002645
http://www.ncbi.nlm.nih.gov/pubmed/26030579
http://dx.doi.org/10.1364/OE.23.028808
http://www.ncbi.nlm.nih.gov/pubmed/26561150

	Introduction
	Geometry, Materials, and Model 
	Tuning Total Scattering Cross Section 
	Fields in/around the Dielectric-PCM Core–Shell Structure 
	Angular Effects 
	Conclusions
	References

