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In this study, we consider the scattering of a plane electromagnetic wave on a cylindrically inhomogeneous
distribution of meta-atoms in a liquid metamaterial. The distribution inhomogeneity appears naturally as a re-
sult of the application of an electric potential to an electrode immersed in the liquid metamaterial, which leads
to the appearance of inhomogeneity in the effective permittivity of such a medium. Consequently, in the con-
sidered type of metamaterial, the concentration-dependent effective permittivity can become negative in some
region of space. In the vicinity of the interface between positive and negative permittivity, the behavior of the
electromagnetic wave becomes singular, giving rise to effects such as resonant absorption, resonant scattering,
and shielding of the central region.These effects can be controlled in real time by changing the applied electric
potential and thus rearranging the liquid metamaterial.

I. INTRODUCTION

Since the first studies [1, 2], the primary motivation for de-
veloping and manufacturing metamaterials (MMs) has been
the ability to control electromagnetic fields at micro- and
nanoscale. In general, the peculiar electromagnetic proper-
ties of MMs are conditioned by the special design of their
structural elements, called meta-atoms. During the years of
MM research, different types of MMs have been studied and
fabricated, such as linear and non-linear negative-index (or
left-handed) MMs [3–8], tunable non-linear, elastic, and dis-
ordered MMs [9–12], plasmonic MMs [13, 14], and so-called
artificial hyperbolic media [15–17]. Depending on the meta-
atom design, these materials can exhibit their distinctive prop-
erties at frequencies ranging from microwaves to optical. As
a result, MMs have found applications in invisibility cloaking
[18, 19], superlensing [20, 21], transformation optics [22, 23],
and enhancement of chirality and optical activity [24, 25].

Amongst others, liquid MMs [26] are distinguished by their
high tunability and reconfigurability. In particular, nanoclus-
ter plasmonic negative index metafluids [27, 28], colloidal
MMs [29], hybrid liquid crystal-based colloids [30], and liq-
uid metacrystals [31–34] have been studied theoretically and
experimentally. The simplest liquid MM can be imagined as
an array of identical isotropic particles suspended in a viscous
liquid. If the size of the particles is well below the wavelength,
then such a suspension can be treated as an effective continu-
ous medium with effective macroscopic permittivity and per-
meability. These macroscopic effective parameters, however,
are defined by the microscopic properties of each meta-atom.
Even the most obvious meta-atom design, a homogeneous
sphere, can lead to non-trivial behavior. For instance, the elec-
trical polarizability of metallic particles can become negative
above the plasmon resonance, while in dielectric particles, ei-
ther the magnetic or the electrical polarizability can be nega-
tive due to Mie resonances. As a result, when the meta-atom
concentration is sufficient, the effective permittivity (or per-
meability) can become negative. Moreover, by using the spe-

cial meta-atom design, negative permittivity and permeability
can be achieved simultaneously [35].

A particular case of interest is the behavior of an electro-
magnetic wave in an MM with continuously varied permit-
tivity, especially near the zero-index transition point, i.e., the
point where the refractive index crosses zero. MMs with lin-
ear index transition have been studied in [12, 36, 37]. Notably,
anomalous field enhancement and resonant absorption in the
vicinity of the transition point were predicted. Similar effects
are observed in inhomogeneous plasmas with the permittivity
changes sign [38].

In this study, we analyze the scattering of a plane electro-
magnetic wave on a cylindrically symmetric inhomogeneity
of a liquid MM. The inhomogeneity appears naturally as a
result of the electrophoretic pull of meta-atoms in the region
of stronger electric field, which is controlled by applying an
electric potential to a metallic electrode immersed in the MM.
The meta-atoms are treated as spherical particles made of a
Drude material, thus having a negative polarizability in a cer-
tain frequency range. Therefore, in the region of the high-
est meta-atom concentration, the effective permittivity can be-
come negative, which leads to a singular behavior of the elec-
tromagnetic field near the transition from positive to negative
permittivity. This gives rise to effects such as resonant absorp-
tion, resonant scattering, and shielding of the central region.

II. MODEL DESCRIPTION

As a model problem, we consider a transparent container
filled with a liquid MM with a cylindrical electrode immersed
in it, as shown in Fig. 1. We assume that the size of the con-
tainer is much larger than any other scale in the problem. In
particular, in what follows, we will consider the scattering of a
plane electromagnetic wave on the metamaterial inhomogene-
ity induced by the immersed electrode, and we will not take
into account the influence of the outer boundary of the con-
tainer. In other words, we will neglect the scattering on the



2

external surfaces of the container and focus solely on its inner
part.

FIG. 1. (a) Schematic picture of the considered system. The system
is illuminated by a plane electromagnetic wave. The outer boundary
of the container is schematically represented by the external cylinder.
However, it is assumed that it has no impact on the electromagnetic
wave propagation. (b) Meta-atom distribution without applied volt-
age. (c) Meta-atom distribution with applied voltage.

The MM is regarded as a suspension of subwavelength
spherical particles, the meta-atoms, which possess isotropic
negative polarizability in a certain frequency range. The meta-
atoms are considered non-interacting, i.e., we assume that
they do not tend to agglomerate and we neglect the dipole-
dipole interaction between them. As long as the conditions
of the effective medium approximation are fulfilled, the exact
nature of the meta-atoms is not relevant here; for example, the
meta-atoms can be metallic or dielectric spheres. In the first
case, the negative polarizability can be achieved at frequen-
cies above the plasmon resonance, while in the second case
the negative polarizability can be caused by Mie resonances.
We assume that the meta-atom size is much smaller than the
wavelength λ , and the concentration of meta-atoms n satis-
fies the condition n1/3λ � 1, i.e., the number of particles in a
wavelength scale is much greater than one. Thus, the MM can
be treated as an effective continuous medium with an effective
relative permittivity εeff. In general, εeff can be calculated as
follows [39]:

εeff = εh−
3νεh
2q3 [∑N

j=1 i(2 j+1)(a j +b j)]

1+ ν

2q3 [∑
N
j=1 i(2 j+1)(a j +b j)]

(1)

where εh is the relative permittivity of the host medium,
q = 2π

√
εhλ−1 is the size parameter of a meta-atom, ν = nV0

is the volume fraction of meta-atoms; n is the concentration of
meta-atoms and V0 is the volume of a single meta-atom, i is the
imaginary unit, a j and b j are the Mie coefficients of jth order,
and N is the cutoff number. However, in the present work, we
will restrict ourselves to considering a particular case of meta-
atoms made of a Drude material near the plasmon resonance.
In this case, the electric dipole Mie coefficient is dominant
over the other multipoles, i.e., a1 � b1,a2... Therefore, Eq.
(1) can be simplified to the well-known Maxwell Garnett ap-
proximation:

εeff = εh

(
1+3ν

εMA− εh

εMA (1−ν)+ εh (2+ν)

)
, (2)

where εMA is the relative permittivity of the meta-atoms.
When no voltage is applied to the immersed electrode, i.e.,

when the potential of the electrode is equal to that which is

remote from the electrode and the electric field is zero, the
meta-atoms in thermal equilibrium are distributed uniformly
in space. This corresponds to a uniform concentration and,
consequently, to a homogeneous effective permittivity. On the
other hand, the non-zero potential u applied to the immersed
electrode induces an electric charge in it and, therefore, gives
rise to the cylindrically symmetric static electric field in the
vicinity of the electrode, which can be written as:

E(ρ) = ρ0
ql−1

2πε0ε(ρ)

1
ρ
= ρ0

u
log(l/ri)ε(ρ)

1
ρ
, (3)

where E(ρ) is the electric field, ρ0 is the unit vector in the ra-
dial direction in the cylindrical coordinate system (ρ,φ ,z), ρ

is the corresponding radial coordinate, q is the electric charge
of the electrode, ε0 is the permittivity of vacuum, ε(ρ) is the
static relative permittivity of the medium at the coordinate ρ ,
u is the applied potential measured with respect to zero poten-
tial at infinity, and l and ri are the length and the radius of the
electrode. The electric charge q induced by the voltage u was
found to take the form q = Cu ≈ 2πε0lu/ log(l/ri), where C
is the capacitance of an isolated conductive cylinder taken in
the limit of an infinite length-to-radius ratio [40]. Equation
(3) is valid for ρ � l, i.e., when the electrode can be treated
locally as an infinite cylinder. Thus, the problem will be fur-
ther treated as two-dimensional in the plane perpendicular to
the cylinder axis. The electric field induces dipole moments
in meta-atoms, which, in turn, interact with the electric field,
producing the electrophoretic force FEF :

FEF = (p∇)E = ρ0α0E
∂E
∂ρ

, (4)

where p is the dipole moment of a meta-atom, α0 is the polar-
izability of a meta-atom, and E is the magnitude of the electric
field at the meta-atom position. Substituting Eq. (3) in Eq. (4),
we obtain:

FEF =−ρ0α0

(
u

log(l/ri)ε(ρ)

)2 1
ρ3 . (5)

Evidently, the electrophoretic force attracts the meta-atoms to
the central electrode, making their concentration inhomoge-
neous. It should be noted that the force does not depend on the
sign of the potential difference or the direction of the electric
field vector. The particles are always attracted to the region
where the field is the highest. The equilibrium distribution of
meta-atoms can be found by applying the Gibbs formula:

f (ρ) = A0 exp
(
−U (ρ)

kBT

)
, (6)

where f (ρ) is the meta-atom distribution function, U (ρ) is
the potential energy of a meta-atom in the field of the elec-
trophoretic force given by Eq. (5), kB is the Boltzmann con-
stant, and T is the temperature. The normalization constant
A0 is defined from the normalization condition:∫∫∫

V
f (ρ)d3r = N, (7)
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where V is the volume of the container and N is the total num-
ber of meta-atoms. With this normalization, the distribution
function readily provides the local concentration n(ρ) as a
function of ρ: n(ρ) = f (ρ). The potential energy U (ρ) can
be calculated as follows:

U (ρ) =−pE =−α0

(
u

log(l/ri)ε(ρ)

)2 1
ρ2 . (8)

Thus, the distribution function and, therefore, the radial de-
pendence of the meta-atom concentration, takes the form:

f (ρ) = n(ρ) = A0 exp

(
α0

kBT

(
u

log(l/ri)ε(ρ)

)2 1
ρ2

)
. (9)

The evident complication arises from the fact that the local
relative dielectric permittivity ε(ρ) is itself affected by the re-
distribution of meta-atoms governed by Eq. (9). Indeed, the
local permittivity in the considered statement of the problem
is simply the effective relative permittivity εeff defined by Eq.
(2), which contains the volume fraction ν , which, in turn, is
specified by the local meta-atom concentration. Naively, the
local effective relative permittivity could be approximated by
its unperturbed value. In such a case, the applicability con-
ditions have to be supplemented by an additional restriction
on the maximum concentration, limiting the deviation of the
effective permittivity from its unperturbed value due to the
change in the meta-atom concentration. On the other hand,
this restriction may contradict the need to obtain a negative
effective permittivity at high frequency. Indeed, due to the
frequency dispersion, for some types of meta-atoms, it is pos-
sible that the perturbation of the static permittivity is small,
while its high-frequency variation is not. However, for meta-
atoms made of a material with Drude permittivity, which we
will explicitly consider in this paper, the meta-atom contri-
bution to the effective permittivity at zero frequency is never
less than that at any finite frequency. Therefore, the meta-
atom distribution was found self-consistently using numerical
methods.

It should be noted that the derived distribution is only valid
when the concentration does not reach the close-packing val-
ues. Otherwise, an interparticle interaction term must be in-
troduced into the energy, and a more complicated problem has
to be solved to derive the distribution.

In the considerations above, the gravitation effects on the
redistribution of meta-atoms have been neglected. To find the
applicability conditions of such an approximation, the influ-
ences of gravity and electric field on the meta-atoms have to
be compared. This can be done by comparing the potential en-
ergy given by Eq. (8) with the gravitational potential energy
UG = mMAgl, where mMA is the mass of a meta-atom, g = 9.8
m/s2 is the free-fall acceleration, and l, being the length of
the electrode, represents the characteristic scale of the sys-
tem. The straightforward estimation shows that if we limit the
voltage to a maximum of 600 V, the maximum radius of the
electrode when the gravitation can be neglected is ri ≈ 100
µm.

Distribution (9) may be rewritten in a more convenient way

as

f (ρ) = n(ρ) = A0 exp

((
u
u0

)2 1
(εeff(ρ)/εh)2

1
(ρ/ri)2

)
,

(10)
where u2

0 = kBTr2
i α
−1
0 ε2

h log2 (l/ri) is some characteristic
voltage of the system. By definition, it determines the volt-
age at which the electrophoretic force predominates over the
thermal fluctuations. For instance, in a system at room tem-
perature, 300 K, with the electrode radius of 1 µm and 10-nm-
radius meta-atoms, the characteristic voltage is u0 ≈ 39.5 V.
On the other hand, the form of Eq. (10) determines the scal-
ing properties of the meta-atom distribution. Indeed, as far as
the ratio u/u0 and the host permittivity εh are fixed, the meta-
atom distribution over the dimensionless coordinate ρ/ri re-
mains the same, no matter what the particular parameters of
the system are.

The radial dependence of the effective permittivity εeff (ρ)
was obtained as a self-consistent solution of Eqs. (10) and (2)
with the normalization condition Eq. (7). The possible ef-
fective permittivity profiles at different voltages are shown in
Fig. 2. For definitiveness, we supposed that the meta-atoms
are spheres made of a Drude material whose permittivity is
given by εMA (ω) = 1−ω2

p/
(
ω2 + iγω

)
, where ω is the elec-

tromagnetic wave frequency, ωp is the plasma frequency, and
γ is the damping factor, which defines the losses in the meta-
atoms material. We will focus on the cases where the real
part of the permittivity changes sign and becomes negative at
some point. Evidently, the region with negative real part of the
effective permittivity appears when the voltage reaches some
threshold value, which is determined by the parameters of the
system.

FIG. 2. Real (a) and imaginary (b) parts of the possible effective per-
mittivity dependences on the normalized distance from the cylinder
center for different dimensionless voltages, u/u0 = 1, 3, 6, 9, and
14. The calculations were made for the host permittivity εh = 1.4.
The meta-atom material was meant to have Drude permittivity; the
frequency was set to 0.7ωp. The unperturbed meta-atom volume
fraction was set to 0.04.

Consider a plane electromagnetic wave with one compo-
nent of magnetic field, Hz, and two components of electric
field, Eρ and Eφ , scattering on the inner electrode and the in-
homogeneity of permittivity induced by it. Maxwell’s equa-
tions allow us to derive the equation governing Hz as follows:

ρ
2 ∂ 2Hz

∂ρ2 +ρ

(
1−ρ

ε ′eff (ρ)

εeff (ρ)

)
∂Hz

∂ρ
+

∂ 2Hz

∂φ 2 +k2
0εeff (ρ)ρ

2Hz = 0,

(11)
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where ε ′eff (ρ) = dεeff (ρ)/dρ is the derivative of the effective
permittivity εeff (ρ) and k0 = ω/c is the free-space wavevec-
tor; ω is the frequency of the electromagnetic wave and c is
the speed of light. The components of the electric field can be
found as follows:

Eρ =
1

ik0εeff (ρ)

1
ρ

∂Hz

∂φ
, (12)

Eφ =− 1
ik0εeff (ρ)

∂Hz

∂ρ
, (13)

where i is the imaginary unit. Equations (11-13) must be com-
pleted by the boundary condition on the central electrode. As-
suming that the electrode is a perfect electrical conductor, the
boundary condition would state the vanishing of the tangential
component of the electric field at the electrode surface, i.e.,
Eφ |ρ=ri = 0. However, in the case where the real part of the
permittivity crosses zero, the electric field decreases exponen-
tially in the region of negative permittivity. As a result, near
the electrode surface, the electric field is very close to zero,
and scattering from the electrode itself is negligibly small. In
other words, the boundary condition is automatically satisfied
in this case, because the electric field (including its tangential
component) is already zero at the electrode surface.

After substituting Hz (ρ) = ∑
∞
m=−∞ H(m)

z (ρ)exp(imφ),
where m is an integer, and changing the variable as ξ = k0ρ ,
Eq. (11) takes the form:

d2H(m)
z

dξ 2 +

(
1
ξ
−

ε ′eff (ξ )

εeff (ξ )

)
dH(m)

z

dξ
+

(
εeff (ξ )−

m2

ξ 2

)
H(m)

z = 0

(14)
with the electric field components expressed as:

E(m)
ρ =

1
εeff (ξ )

m
ξ

H(m)
z , (15)

E(m)
φ

=− 1
iεeff (ξ )

∂H(m)
z

∂ξ
. (16)

Equation (14) does not allow for an analytical solution for
an arbitrary εeff (ξ ). However, certain field characteristics can
be found.

First, it can be seen that Eq. (14) has a singular point ξ0,
at which the effective permittivity becomes zero, εeff (ξ0) =
0. The two linearly independent solutions of Eq. (14) in the
vicinity of this point can be found as:

H(m)
z ∝

√
εeff (ξ )

ξ
Mκm,1

(
κm

2
ξ −ξ0

ξ0

)
,√

εeff (ξ )

ξ
Wκm,1

(
κm

2
ξ −ξ0

ξ0

)
, (17)

where κm = 2
√

4m2−1 and Mκ,µ (a) and Wκ,µ (a) represent
the Whittaker functions of the arbitrary arguments κ , µ , and
a. These solutions suggest that the magnetic field remains fi-
nite in the vicinity of the singular point. As a result, the radial
component of the electric field is singular at ξ0 for all harmon-
ics except m = 0, since E(m)

ρ (ξ0) ∝ H(m)
z (ξ0)/εeff (ξ0)→ ∞.

The behavior of the tangential component of the electric field
turns out to be logarithmically divergent. Such a singular-
ity is induced by a plasma-like resonance in the region where
εeff = 0. Evidently, when the meta-atoms are lossy, i.e., when
the imaginary part of the effective permittivity is not zero,
the electric field does not tend to infinity, but grows to some
value defined by the losses. Consequently, when the imag-
inary part of the effective permittivity is small, i.e., when
Imεeff � Reεeff, the overall losses in the resonant region do
not depend on the actual value of Imεeff. Indeed, the local
electromagnetic loss density is proportional to Imεeff|E|2, the
maximum of |E|2 is proportional to (Imεeff)

−2, and the width
of the resonance is proportional to Imεeff. Therefore, the to-
tal electromagnetic losses, defined by the integral of the loss
density over the resonance region, do not depend on Imεeff.
It should be emphasized that this resonance is a collective ef-
fect, which is not directly related to the plasmon resonance in
a single particle. The considered resonance appears as a result
of the crossing to zero of the effective permittivity and does
not rely on any specific physical mechanism responsible for
this crossing.

To analyze the scattering, it is useful to introduce the trans-
verse impedance Z⊥ = E⊥/H⊥ ≡ Eφ/Hz. For each harmonic
m, the impedance is governed by the following equation:

dZ(m)
⊥

dξ
+

1
ξ

Z(m)
⊥ + iεeff (ξ )

(
Z(m)
⊥

2
−Z2

0 (m,ξ )

)
= 0, (18)

where Z2
0 (m,ξ ) = ε

−2
eff (ξ )

(
εeff (ξ )−m2/ξ 2

)
.

First, by knowing the solutions of Eq. (18), it is easy to find
the scattering coefficients for each m and, therefore, the cross-
section. The solutions of Eq. (18) can be found numerically,
applying the boundary condition Z(m)

⊥ = 0 at the surface of the
electrode, which corresponds to the vanishing of the tangential
component of the electric field. Then, by fitting them to the
analytical decomposition of the plane and scattered waves in
the appropriate region, the reflection coefficients for each m
can be calculated. Finally, by summing all the reflected waves,
the total scattering cross-section can be found.

Second, Eq. (18) allows us to analyze the electromagnetic
absorption in the resonant region near ξ0 where Reεeff (ξ0) =
0. The real part of the transverse impedance reveals a step
behavior as a function of ξ in the vicinity of ξ0. The mag-
nitude of this step, Re∆Z(m)

⊥ , corresponds to the electromag-
netic absorption density in a mode m. Since the real part of
the impedance represents the energy flux density, the magni-
tude of its step corresponds to the decrease in the energy flux
due to absorption, i.e., electromagnetic losses. By analyzing
Eq. (18), it can be concluded that Re∆Z(m)

⊥ ∝ m2/ε ′eff (ξ0) and
does not depend on the imaginary part of the effective permit-
tivity. Figure 3 shows the dependence of the total scattering
cross-section and absorption cross-section on the applied volt-
age and the angular scattering patterns for different voltages.

In a particular realization of the proposed system, all the re-
strictions described above have to be taken into account. Thus,
as a model system, let us introduce the following parameters.
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FIG. 3. Scattering and absorption cross-sections (a, c) and scatter-
ing diagrams (b, d) at different dimensionless voltages, u/u0. The
parameters are the same as in Fig. 2. The frequency was set to
ω = 0.7ωp in (a, b) and ω = 0.64ωp in (c, d). The frequencies
were chosen to be close to the plasmon resonance frequency, which
is 3−1/2ωp ≈ 0.577ωp.

The central metallic electrode has a radius of 1 µm. The meta-
atoms are represented by doped semiconductor nanospheres
of 10-nm radius with the plasma frequency of 100 THz. The
meta-atoms are suspended in, e.g., ethanol, which is transpar-
ent in the IR and has a refraction coefficient of ∼ 1.4 in this
frequency band. The unperturbed volume fraction was set to
ν = 0.04, which corresponds to the unperturbed meta-atom
concentration of ∼ 1015 cm−3. The characteristic voltage u0
for such a system at room temperature is u0≈ 39.5 V. The sys-
tem is illuminated by a plane TM-polarized electromagnetic
wave at a frequency of 0.7ωp, 70 THz. The corresponding
wavelength in this medium is ∼ 3µm, which is much larger
than the meta-atom size. The specified parameters were used
for the simulations presented in the following section.

III. SIMULATIONS

We performed full-wave simulations of the scattering of an
electromagnetic wave on the permittivity distribution defined
by Eqs. (2) and (9) using COMSOL Multiphysics software.
For the simulations, the Electromagnetic Waves, Frequency
Domain interface of the COMSOL RF Module was used. The
permittivity distributions were calculated using custom soft-
ware developed in Matlab and imported into COMSOL to set
the permittivity distributions.

The color plots of the effective permittivity, electromag-
netic loss, and radial and tangential field component distribu-
tions, as well as the absorption patterns for different applied
potentials, are shown in Fig. 4.

FIG. 4. Effective permittivity (a), electromagnetic absorption (b),
tangential (c) and radial (d) components of the electric field, and
electromagnetic absorption at different applied potentials (e). In (a),
the dashed line represents the surface at which effective permittivity
becomes zero, εeff = 0. In (a-d), the voltage is set to 335 V. In (e),
the voltages are set to 118−533 V (u/u0 = 3.0−13.5), as noted in
the lower right corner of each sub-image. The frequency is set to
ω = 0.7ωp. The radius of the central metallic electrode was set to 1
µm; the meta-atom radius was set to 10 nm; the plasma frequency of
meta-atoms was set to 100 THz. The refraction index of the host liq-
uid was set to 1.4. The unperturbed volume fraction of meta-atoms
was set to ν = 0.04. The temperature was set to 300 K. The arrows
represent the direction of the wave propagation.

As can be seen, the resonant region appears at some thresh-
old voltage and grows with the increase of the voltage. The ra-
dial distributions of the radial and tangential fields are shown
in Fig. 5. It is noteworthy that the radial component of the
electric field has a stronger resonant peak compared to the tan-
gential component. Such a behavior is in accordance with the
theoretical analysis: the radial component has a power diver-
gence, while the tangential has a logarithmic divergence.

FIG. 5. Radial distribution of radial Eρ (a) and tangential Eφ (b)
components of the electric field at different voltages. The parameters
are similar to those in Fig. 4.
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Figure 6 shows the dependence of the electromagnetic field
absorption cross-section σ in the resonant region as a function
of the applied voltage for different values of the intrinsic meta-
atom loss. As expected, when the intrinsic loss is not too high,
the resonant absorption is almost independent of its value.

FIG. 6. Electromagnetic absorption cross-section as a function of
voltage for different values of the normalized damping factor γ/ωp
(a), and color plots of the absorption in the plane transverse to the
cylinder axis (b). For visibility, one quarter of the (circular) resonant
region is shown. In (b), the normalized damping factor was set to
0.0025 (i), 0.005 (ii), 0.01 (iii), and 0.02 (iv). The frequency was set
to ω = 0.64ωp. Other parameters are similar to those in Fig. 4.

Figure 7 shows the energy flux in the scattering region. Ev-
idently, the highest energy flux is in the resonance region; its
direction is along the surface, where Reεeff = 0. Such a behav-
ior is an indication of the excitation of the surface wave at the
interface between the regions with Reεeff > 0 and Reεeff < 0.

FIG. 7. Energy flux (Poynting vector field) in the scattering region.
The voltage was set to 0 V (below the threshold) (a) and 158 V (above
the threshold) (b). The other parameters are similar to those in Fig. 4.
The arrows represent the Poynting vector. The lengths of the arrows
are proportional to the logarithm of the Poynting vector moduli.

Videos of plane wave scattering on the liquid MM distri-
butions (Visualizations 1-3) and animation of the influence of
the real-time voltage change on the absorption (Visualization
4) are available in the supporting materials.

IV. DISCUSSION

The considered scattering problem may be of interest in
several aspects. In particular, the interaction between the elec-
tromagnetic wave and the system is controlled by a simple

variation of the electric potential of the immersed electrode.
Below some threshold value, the scattering almost does not
depend on the voltage, being just the scattering off the central
cylindrical electrode. However, when the voltage exceeds this
threshold, the scattering characteristics change drastically.

First, the total scattering cross-section starts to grow with
the increase of the voltage up to a certain maximum. This
can be partially attributed to the growth of the scattering re-
gion. Indeed, the scatterer is no longer the central electrode,
but the surface surrounding the volume whose meta-atom con-
centration is high enough to make the permittivity negative.
However, because of the resonant nature of the scattering,
the cross-section grows faster than the actual scatterer size.
Namely, below the threshold, the cross-section roughly equals
the diameter of the central electrode. On the other hand,
above the threshold, the scattering cross-section becomes sig-
nificantly larger than the scattering region diameter. For in-
stance, at the frequency of 0.7ωp, the diameter of the scatter-
ing area reaches 3.36ri, while the total cross-section reaches
40ri; at the frequency of 0.64ωp, the diameter of the scattering
area reaches 5.1ri, and the total cross-section grows as high as
50ri.

At the same time, although the total cross-section increases
when the voltage threshold is reached, the backscattering is
suppressed. As can be seen in Figs. 3 (b) and (d), while at
zero voltage the preferential scattering direction is backwards
(with respect to the wave propagation), with the increase of
the voltage the backscattering is reduced. Moreover, for cer-
tain parameter combinations,e.g. at the frequency of 0.7ωp
and the dimensionless voltage of u/u0 = 9, or at the frequency
of 0.64ωp and the dimensionless voltage of u/u0 = 14, the
backscattering is almost entirely eliminated.

Another feature of the considered scattering mechanism is
the associated resonant absorption. It takes place in a thin
layer nearby the surface, at which the real part of the effec-
tive permittivity is zero. A similar effect has been studied in
inhomogeneous plasma [38]. Resonant absorption appears at
the voltage threshold, similarly to resonant scattering. How-
ever, while the scattering cross-section is a continuous func-
tion of the voltage, the absorption presents a discontinuous
step at the threshold. It can be understood as the immediate
appearance of finite absorption as soon as the real part of the
effective permittivity crosses zero. Since the absorption takes
place in a very narrow region, a very small increase in voltage
is needed for the resonant region to fit between the Reεeff = 0
surface and the surface of the central electrode. The width
of the resonant region is governed by the damping factor of
the meta-atom material. Evidently, the larger the damping is,
the wider becomes the resonant region. At the same time,
the maximum field amplitude and, therefore, the maximum
loss depend inversely on damping: the larger the damping,
the smaller the field maximum. These two effects compensate
each other keeping the total loss constant as long as the damp-
ing is not too large. This can be seen in Fig. 6. Indeed, in Fig.
6 (a), the energy loss plots follow almost the same line for dif-
ferent values of damping, confirming the suggested property.
In Fig. 6 (b), the variations of the loss region width and loss
intensity depending on the damping factor are clearly visible.



7

The narrowness of the resonant region can be exploited
for local electromagnetic heating. Clearly, as a major part
of the electromagnetic power is absorbed in a thin layer near
Reεeff = 0, this layer inevitably becomes a heat source. More-
over, because of the independence of the losses from the
damping factor, the heat generation in the layer does not de-
pend on the damping factor either, and, more broadly, on the
nature of the loss in the meta-atoms.

Finally, the region limited by the surface Reεeff = 0, in-
cluding the central electrode itself, turns out to be effectively
shielded. Namely, the electromagnetic wave can hardly pene-
trate the region such that Reεeff < 0, which makes it isolated
from the electromagnetic radiation.

It should be noted that all of the listed effects can be con-
trolled by the application of a voltage to the central electrode.
By varying the voltage, the resonant absorption can be turned
off or on, its intensity can be altered; the backscattering can be
minimized, the total scattering can be manipulated; the central
region can be shielded.

As was already mentioned, the proposed system is scalable
in the sense that as long as the homogenization applicability
conditions are satisfied, the parameters of the system, such as
the meta-atom size and the negative polarizability mechanism,
the electromagnetic wave frequency, and the overall size of the
system, may vary significantly. In the previous sections, we
have considered the system designed for 70-THz infrared ra-
diation. At the same time, the system can be scaled for either
higher or lower frequencies by varying the sizes and choosing
the meta-atom materials. For instance, the meta-atoms can
be made of highly doped GaAs with the dopant concentration
of 6×1016 cm−3 and the corresponding plasma frequency of
14.9 THz. As a result, a suspension of such nanoparticles with
the radius of 600 nm and the volume fraction of 0.08 placed
in a 0.5-mm-diameter transparent cylindrical vessel with a 6-
µm-thick copper electrode immersed in its center would pro-
vide an alternative realization of the proposed system. The
corresponding electromagnetic frequency band, within which
the effects described above would be prominent, would lie
between 6.34 and 14.9 THz. Conversely, the system can be
scaled for higher-frequency band by choosing metal particles
of a few nanometers in diameter as meta-atoms and a wire of
100 nanometers in diameter as the electrode. For instance, for

Ag nanoparticles with the plasma frequency of 2200 THz, the
applicable frequency band would lie between 1500 and 2000
THz.

One possible realization of a device based on the effect
described above can be an array of cylindrical cells, each
of which is represented by the proposed system. By ma-
nipulating the voltages applied to each cell, one could con-
trol the transparency, absorption, and backscattering of such a
panel. Another possible application is mode manipulation in a
waveguide or a resonator. Again, by simply applying the volt-
age, the Q-factor can be drastically decreased, thus providing
controlled damping.

V. CONCLUSION

We have considered the scattering of a plane electromag-
netic wave on the cylindrically symmetric inhomogeneous
distribution of a liquid MM induced by a static electric field,
which can be generated by applying an electric potential to an
electrode immersed in the liquid MM. We have shown that by
changing the voltage, it is possible to manipulate the scatter-
ing of this wave in different ways. For instance, the scattering
cross-section can be varied over a wide range. By tuning the
voltage, backscattering can be suppressed. In addition, in the
scattering region, resonant absorption enhanced by the exci-
tation of a surface wave takes place. The proposed controlled
scattering mechanism benefits from the particular simplicity
of all its constituents. For instance, the meta-atoms can be
any spherical particles that can provide negative polarizabil-
ity at a certain frequency, i.e., metallic or high-index dielec-
tric spheres. The host liquid and the outer boundaries just
have to be transparent for the electromagnetic wave at that fre-
quency. Thus, a realization of the proposed mechanism may
be used for controllable shielding, controllable backscattering
suppression, or manipulation with scattering.
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