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Bianisotropic media can be used to engineer absorbance, 
scattering, polarization, and dispersion of electromagnetic 
waves. However, the demonstration of a tunable light-
induced bianisotropy at optical frequencies is still lacking. 
Here, we propose an experimentally feasible concept for a 
light-induced tunable bianisotropic response in a homoge-
neous sphere made of an epsilon-near-zero (ENZ) material. 
By exploiting the large linear absorption and the large possi-
ble intensity-dependent changes in the permittivity of ENZ 
materials, the direction-dependent scattering and absorp-
tion cross sections could be obtained. Our findings pave the 
way for further studies and applications in the optical regime 
requiring full dynamic control of the bianisotropic behavior.

response of 3D split-ring resonators changes into a bianisotropic
one by photoexciting free carriers in silicon at THz frequen-
cies [15]. A reconfigurable bianisotropic response based on
a metal-stress-driven self-folding method [16] and the rota-
tion of three-dimensional split-ring resonators [17] were also
reported. However, so far, a light-induced, reversible bian-
isotropic response in a homogeneous nanoparticle has not been
demonstrated at optical frequencies. Here, we obtain a fast
optically tunable bianisotropic response using nonlinear anten-
nas. Our proposed scheme relies on a spherical antenna made
from indium tin oxide (ITO) that possesses an effective Kerr-
type nonlinearity resulting from free-electron dynamics in the
conduction band of ITO. The ITO sphere is pumped with a high-
intensity laser, as depicted in Fig. 1(a), at a wavelength near
the epsilon-near-zero (ENZ) wavelength, where the nonlinear
response becomes most pronounced. Due to the nonlinearity,
the pump introduces a spatially inhomogeneous permittivity
ε(x, y, z) in the sphere with a broad range of values. The pump
beam will break the inversion symmetry and, thus, induces a
strong bianisotropic response. A low-intensity beam can then
probe the scattering response of the ITO sphere. To quantify
its scattering response [18], we calculate the T-matrix of the
sphere. The T-matrix relates the incident optical probe beam
to the scattered field. The tunable bianisotropy is qualitatively
and quantitatively illustrated using the T-matrix. As a result of
the optically induced bianisotropy, the scattering and absorption
cross sections of the probe beam depend on the azimuthal angle
(ϕ), and we study this effect computationally.

We assume an homogeneous, isotropic ITO sphere to illus-
trate the concept of optically induced bianisotropy. We find
that the large linear optical absorption coefficient in an ITO
sphere—which is typically thought to be a limiting factor for
various applications—can be exploited for light-induced bian-
isotropy. We show that when the sphere is illuminated with a
high-intensity pump (to the order of 50 GW/cm2 or greater), the
permittivity within the sphere gets spatially inhomogeneous with
a large gradient. The large linear absorption in ITO [Fig. 2(a)]
leads to an exponential drop of local intensity depending on the
position along the direction of light propagation. Consequently,

A bianisotropic response refers to a magneto-electric cou-
pling, accommodated in Maxwell’s equations by a polarization 
depending on the electric and magnetic fields. Research on bian-
isotropic responses has increased because of the opportunities 
to control the scattering, absorption, and polarization of light. 
A bianisotropic response leads to asymmetric scattering and 
reflection [ 1], p olarization m anipulation [ 2], a nd asymmetric 
transmission [3]. Several studies showed how to obtain bian-
isotropic structures. A review by Asadchy et al. [4] distinguishes 
two approaches. The first is based on engineered spatial disper-
sion in metamaterials [1,5–8]. Here, the metamaterial’s unit cell 
is regarded as a meta-atom with subwavelength scale details, 
where the magnitude and phase of the scattered field depend on 
the meta-atom geometry. The second approach to obtain bian-
isotropy is by breaking the time-reversal symmetry (reciprocity)
[9–11]. Such a breaking could be achieved by schemes that 
rely on, e.g., externally magnetized materials [12], nonlinear 
materials [10], or spatiotemporally modulated materials [13].

Despite its importance, only a few concepts were suggested 
to achieve a tunable bianisotropy. One example is a mechan-
ically controlled bianisotropy based on the deformation of 
Miura-ori patterns [14]. In another approach, the magnetic
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Fig. 1. Proposed optically induced bianisotropy. A high-intensity
pump illuminates an ITO sphere. Owing to ITO’s strong nonlinear
response close to its ENZ wavelength (1240 nm), a spatially inhomo-
geneous permittivity is obtained, causing a bianisotropic response
to a low-intensity probe. Then, the probe’s scattering cross section
depends on its illumination direction.

the intensity-dependent changes in local complex permittivity
also exhibit a large gradient as long as the incident intensity
is not too large compared with the saturation intensity. Thus,
the behavior of the proposed light-induced bianisotropy stems
from the interplay of linear absorption, nonlinear absorption,
and large Kerr-type nonlinearity of ITO [19–21]. A bianisotropic
response is obtained owing to the engineered spatial dispersion
introduced by the large gradient in the sphere permittivity. As
shown in Fig. 2(a), the real part of the ITO permittivity increases
from near zero at very low intensities up to a saturation value of
approximately 1.2 when the external pump intensity exceeds 250
GW/cm2. This strong nonlinear response of ITO stems from the
inverse proportionality between the nonlinear refractive index
coefficient and the real part of the linear refractive index, which
possesses a very small value at the ENZ wavelength. The non-
linear response in Fig. 2(a) is obtained by incorporating the
third-, fifth-, and seventh-order nonlinear susceptibilities in the
permittivity model [Eq. (1)], being a good fit to experiments
[19,22,23]:

εnl(r,ω) = εl(ω) +

3∑︂
j=1

c2j+1 χ
(2j+1)
eff (ω)

|︁|︁|︁|︁E(r,ω)
2

|︁|︁|︁|︁2j

, (1)

where εnl(r,ω), εl(ω), χ(2j+1)
eff (ω), and E(r,ω) denote the non-

linear permittivity, the linear permittivity, the (2j + 1) order
of the effective nonlinear susceptibility, and the electric field
value. Here, c3 = 3, c5 = 10, and c7 = 35 are the degeneracy

Fig. 2. (a) Pump intensity dependent real and imaginary parts
of ITO’s permittivity at the ENZ wavelength (1240 nm). (b) Pump
intensity dependent scattering, absorption, and extinction cross sec-
tions of the ITO sphere at the pump wavelength. The inset figure
shows a visual illustration of the setup.

factors. (When the pump and probe beams are distinguishable,
the degeneracy factors can be as large as c3 = 6, c5 = 30, and
c7 = 140 [24]. However, here we use more conservative values
consistent with the experimental observations [19].) Owing to
ITO’s strong nonlinearity, the scattering, absorption, and extinc-
tion cross sections to the pump depend highly on the pump
intensity itself. Therefore, the permittivity within the sphere
experienced by the pump beam becomes inhomogeneous. We
always choose the pump and the probe wavelengths to be 1300
and 1180 nm. Consequently, we assume that the linear per-
mittivity is the only wavelength-dependent permittivity with
values equal to approximately −0.41+i0.41 and 0.33+i0.31
for the pump and probe wavelengths, respectively [19]. The
values of the higher-order susceptibilities at the pump and
probe wavelengths are assumed to be the same as those at the
ENZ wavelength (1240 nm). This assumption is based on the
experimental results in the literature [19,22,23].

A recursive simulation based on a frequency-domain finite-
element full-wave Maxwell solver is used to calculate the
steady-state inhomogeneous permittivity induced by the pump.
We recursively update the electric field and permittivity value
simultaneously at each point in space until the steady-state value
is reached. Each iteration requires a finite-element simulation
to calculate the electric field based on the permittivity values
computed from the previous iteration. Next, the permittivity
is recomputed at each spatial point from the electric fields
at each point using Eq. (1), and the process is repeated until
convergence.

Figure 2(b) shows the scattering, absorption, and extinction
cross sections for the optical pump. The sphere’s radius is always
700 nm. The normalized scattering cross section of the pump
decreases from approximately 12 to 5 by increasing the optical
pump intensity. Similarly, the absorption and extinction cross
sections of the pump can be tuned by changing the optical pump
intensity. This change in the cross sections is physically intuitive
due to the intensity-dependent permittivity. More quantitatively,
Fig. 3 shows the real and imaginary parts of the permittivity
in different YZ-, XZ-, and XY-planes at the probe wavelength
using an optical pump intensity of 200 GW/cm2. The real and
imaginary parts of the permittivity are symmetric along the x
and y axes. They gradually change from 0.35 to 1.45 and from
0.4 to 0.6, respectively, along the propagation direction of the
incident pump wave (the Z-direction). This symmetry along the
x and y axes is approximate and not exact because the optical
pump is linearly polarized and thus the symmetry is broken.

Now, we study the interaction of a low-intensity probe with the
pumped ITO sphere. We modify the illumination direction of the
probe by choosing different spherical angles (ϕ and θ), shown
in Fig. 4(a). First, we calculate the T-matrix of the sphere at the
probe wavelength [25]. The T-matrix links the coefficients of the
incident to the coefficients of the scattered field when expanded
in a vector spherical harmonic (VSH) basis. To calculate the
T-matrix, we study the scattering from the sphere when it is
illuminated with an incident field corresponding to a specific
VSH. Expanding the scattered field in the VSH basis provides
one column of the T-matrix. The scattered field is calculated
using a finite-element full-wave Maxwell solver. The space-
dependent permittivity induced by the pump, as shown in Fig. 3,
is considered as the sphere’s permittivity. The process repeats
with multiple VSH to retrieve all columns of the T-matrix.



Fig. 3. (a)–(c) Real and (d)–(f) imaginary part of the permit-
tivity in different planes for a sphere, pumped with an intensity
of 200 GW/cm2 at the probe wavelength (1180 nm). The incident
pump is an x-polarized plane wave at a wavelength of 1300 nm that
propagates in the z-direction.

The T-matrix is truncated to a fifth multipolar order:
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where be
i (bm

i ), and qe
j (qm

j ) denote the ith and jth compo-
nents of the scattered and incident electric (magnetic) field,
respectively, in a VSH basis [25]. Here, bv

j and qv
j are equal to

[bv
j,−jbv

j,−j+1 · · · bv
j,j−1bv

j,j], and [qv
j,−jqv

j,−j+1 · · · qv
j,j−1qv

j,j], respectively,
where j refers to the multipolar order (max. 5), and v = {e, m}

denotes the multipolar type [electric (e), or magnetic (m)] [26].
Additionally, Tee

ij , Tmm
ij , Tem

ij , and Tme
ij refer to the sub-matrices

that quantify the electric-electric, magnetic-magnetic, electric-
magnetic, and magnetic-electric response, respectively, between
the ith scattered field VSH, and the jth incident field VSH [26].

We focus on two extreme values of the optical pump intensity:
0.01 and 200 GW/cm2 corresponding to the linear and highly
nonlinear regimes. In the linear regime, shown in Fig. 4(b),
all the non-zero elements of the T-matrix lie on the diagonal
of the matrix (in the electric-electric and magnetic-magnetic
parts). The sphere exhibits an isotropic response without any
electromagnetic coupling. In contrast, in the highly nonlinear
case, shown in Fig. 4(c), some of the off diagonal elements,
which quantify the electromagnetic and magnetoelectric cou-
pling, are non-zero. More specifically, the absolute values of the

Fig. 4. (a) Setup for an optical pump–probe beam impinging on an
ITO sphere. (b), (c) Absolute values of the T-matrix elements with
an expansion order of 5 for optical pump intensities of 0.01 GW/cm2

and 200 GW/cm2, corresponding to linear and highly nonlinear
regime, respectively. (d), (e) Scattering cross section at the probe
wavelength (1180 nm) in the linear and highly nonlinear regime
depending on the spherical angles (θ and ϕ). (f), (g) Absorption
cross section in the linear and highly nonlinear regimes, respectively.

T-matrix coefficients for the electro-magnetic and the magneto-
electric coefficients have a maximum value of 0.06, while the
maximum absolute value of the T-matrix coefficients for the
electric-electric and the magnetic-magnetic parts is roughly 0.5.
The appearance of the off diagonal elements confirms the bian-
isotropic response of the ITO sphere in the nonlinear regime.
Based on the intensity of the optical pump, an isotropic sphere
is converted to a bianisotropic one, where the bianisotropic
response of the probe can be tuned and controlled using the
external pump.

To explore the potential, we calculate the extinction, scatte-
ring, and absorption cross sections of the ITO sphere probed at
different angles. The cross sections are calculated as [25]

Cext = −
1

k2 |Einc
0 |2

5∑︂
j=1

ℜ

(︂
qe,T

j be,∗
j + qm,T

j bm,∗
j

)︂
, (3)

Csca =
1

k2 |Einc
0 |2

5∑︂
j=1

(︂
|be

j |
2 + |bm

j |
2
)︂

, (4)

Cabs = Cext − Csca, (5)



where Einc
0 and k are the incident electric field of the probe and

its wavenumber. Here, T and ∗ refer to the transpose and com-
plex conjugation operations. The probe scattering cross section
is shown in Figs. 4(d) and 4(e) for the low and high optical-pump
intensity cases, using a probe plane wave with a transverse mag-
netic polarization. The scattering cross section is the same for
different propagation directions of the probe beam in the linear
regime. For high optical pump intensities, the scattering cross
section increases approximately from 2.9 to 4.4 when θ changes
from 0 to 180◦. Reciprocity is assured since the pumped sphere
is equivalent to an inhomogeneous lossy dielectric material.
Hence, the extinction cross sections are the same for every pair
of opposite directions. Based on this principle, the absorption
cross section is calculated in Figs. 4(f) and 4(g) for the low and
high optical-pump intensities. Analogous to the scattering cross
section, the absorption cross sections are identical regardless
of the probe direction for low pump intensities. However, they
decrease from 7.2 to 5.8 when θ changes from 0 to 180◦ at high
pump intensities. The observation confirms that a high-intensity
optical pump transforms an isotropic sphere into a structure with
angle-dependent scattering and absorption cross sections.

Nanoparticles made of materials such as GaAs, Si, or other
traditional optical materials in certain wavelength regimes pos-
sess large absorption coefficients, which may result in a large
local intensity gradient. However, the feasible modulation index
in these materials is orders of magnitude smaller than what is
possible in ITO at the ENZ wavelengths due to their high base
indices [27]. In contrast, phase change materials such as vana-
dium dioxide exhibit large changes in permittivities associated
with metal–dielectric phase transition [28–30]. However, since
the phase transition in such a material is dictated by temperature,
a strong temperature gradient is necessary to observe light-
induced bianisotropy. Thus, it is not obvious how heat transport
can be obstructed in a vanadium dioxide nanoparticle to demon-
strate tunable and reversible light-induced bianisotropy. Hence,
we posit that ITO and similar ENZ materials are perhaps most
suited for experimental demonstration of the introduced concept.

In conclusion, we discussed a novel concept to obtain a tun-
able bianisotropic response in a nonlinear antenna. Using ITO as
the nonlinear material, one can tune the response of the antenna
at sub-picoseconds scales. The idea is general and can be imple-
mented with any medium with a strong nonlinear response. This
concept is expected to open the door for further studies to cre-
ate novel metasurfaces that rely on tunable bianisotropy. Such
structures could address diverse applications in photonics, such
as tunable dispersion and absorption. Our scheme benefits from
this additionally introduced extra degree of freedom to control
and manipulate the electromagnetic waves in different media
and structures, based on the optical pump characteristics.
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