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    A purely bianisotropic response is characterized by the complete suppression of a scatterer's direct 

electric and magnetic responses, while the indirect magnetoelectric and electromagnetic ones remain 

finite. Such a response is fundamentally forbidden in passive reciprocal systems by the optical theorem. 

In this work, we derive a generalized condition showing that this regime becomes accessible in reciprocal 

lossy scatterers when dissipative and radiative losses are fully compensated, thereby extending the 

concept of purely bianisotropic scattering beyond the limits of passivity. As a physical realization, we 

propose a loss-compensated plasmonic nanoshell dimer consisting of two geometrically asymmetric silver 

nanoshells with gain-doped silica cores. The detuned plasmonic resonances suppress the net electric 

dipole response, while optical gain compensates losses, resulting in a nearly pure bianisotropic response 

in which the magnetoelectric polarizabilities exceed the direct electric and magnetic polarizabilities by 

more than two orders of magnitude. We further demonstrate that this regime enables unconventional 

scattering phenomena, including forward-scattering suppression (the second Kerker effect) and lateral 

scattering. Moreover, introducing a passive nanoshell between the two gain-assisted particles transforms 

the lateral scattering into highly directional scattering through magnetoelectric interference.  

 

Keywords  Bianisotropic scatterer, plasmonic nanodimer, loss compensation, directional scattering 

 
    The electromagnetic response of a scatterer to an external excitation can be rigorously described through 

multipole expansion theory1,2. Within the dipole approximation, where higher-order multipole contributions are 

neglected, the scatterer's response is characterized by the induced electric dipole moment, 𝒑, and magnetic 

dipole moment ࢓. For linear scatterers, these dipole moments are linearly related to the local electric and 

magnetic fields through the polarizability tensor ̿ࢻ  

( ݉݌ ) = ߙ̿ (௟௢௖ܪ௟௢௖ܧ) , ߙ̿ = ( ௘௘ߙ̿ ௠௘ߙ௘௠̿ߙ̿ (௠௠ߙ̿ (1) 

The diagonal polarizability tensors, ̿ߙ௘௘ and  ̿ߙ௠௠, describe the direct electric and magnetic responses of the 

scatterer to the corresponding fields, whereas the off-diagonal tensors (bianisotropy terms), ̿ߙ௘௠  and ̿ߙ௠௘ , 

account for the indirect magnetoelectric and electromagnetic responses3-5. A particularly intriguing regime 

arises when the electric and magnetic polarizabilities vanish, i.e., ̿ߙ௘௘ =  0, ௠௠ߙ̿ =  0.  In this limit, the 

scatterer's response is no longer characterized by direct dipole excitations. Instead, the interaction with the 

electromagnetic field is determined solely by the indirect magnetoelectric coupling tensors ̿ߙ௘௠  and ̿ߙ௠௘ . 

Consequently, an incident electric field induces only magnetic dipole moments, whereas an incident magnetic 

field induces only electric dipole moments. Such a particle is referred to as a purely bianisotropic scatterer6. 

Under this condition, Eq. (1) reduces to ݌ = .௘௠ߙ̿  ,  ௟௢௖ܪ ݉ = ௠௘ߙ̿ . ௟௢௖ܧ (2) 

The purely bianisotropic condition described above represents an ideal limit in which the direct coupling 

coefficients vanish completely. However, the authors in6 showed that a passive, lossless scatterer cannot achieve 

this ideal state. Under energy-conservation constraints, the indirect coupling coefficients are fundamentally 

bounded by the direct coupling terms. When either ̿ߙ௘௘ =  0 or ̿ߙ௠௠ =  0, the cross-coupling terms ̿ߙ௘௠ and ̿ߙ௠௘  must vanish identically. Nevertheless, their work demonstrated that no fundamental restriction exists on 

the relative strength of the magnetoelectric terms; consequently, a lossless scatterer can exhibit a nearly pure 

bianisotropic response when the indirect coupling coefficients dominate the direct ones. To realize this regime, 

they proposed a dimer of two closely spaced, subwavelength, lossless particles whose individual electric 

polarizabilities have real parts of equal magnitude but opposite signs. In this configuration, the induced electric 

dipole moments of the two particles cancel, 1݌ =  strongly suppressing the direct electric response while ,2݌−

preserving a finite magnetoelectric coupling.  The proposed dimer consisted of two dielectric spheres, one of 

which possessed a negative real permittivity. 
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    In7, the authors aimed to design an overall lossless scatterer that exhibits a shadow-free response, an object 

characterized by a completely vanishing forward scattering amplitude while maintaining a non-zero total 

scattering cross-section. Although they initially explored parity-time (PT)-symmetric structures as candidates 

for realizing this effect, they demonstrated that standard PT-symmetric configurations are fundamentally 

unsuited for this purpose in unbounded space. They therefore turned their attention to the purely bianisotropic 

scatterer, as it serves as the underlying mechanism to realize a shadow-free response in an overall lossless 

system. To achieve this, they developed a generalized non-Hermitian microwave model consisting of two 

closely spaced short dipole antennas. By precisely tuning the lumped impedances loading each dipole element, 

they engineered dipole moments of equal magnitude but opposite sign, following the design methodology of6 

to induce a purely bianisotropic response. Achieving this regime required the real part of one dipole's load 

impedance to be negative, providing the amplification needed to balance both dissipative and radiative losses. 

 

    In this work, we propose an optical realization of a nearly pure bianisotropic scatterer based on a gain-assisted 

plasmonic nanoshell dimer. The structure consists of two geometrically asymmetric spherical nanoparticles, 

each comprising a gain-doped dielectric core surrounded by a metallic shell. Unlike the dielectric realization 

of6, the proposed structure exploits asymmetric plasmonic nanoshells, leading to resonance detuning between 

the two particles. This detuning naturally yields electric polarizabilities with opposite signs, while preserving 

the structural asymmetry required to sustain a bianisotropic response. Furthermore, optical gain is introduced 

into the core of each nanoparticle to compensate for both dissipative and radiative losses in the system. As will 

be demonstrated, this loss-compensation mechanism is the key requirement for approaching a nearly pure 

bianisotropic regime in lossy systems. The use of asymmetric plasmonic dimers for realizing bianisotropic 

responses has been extensively studied8,9. Similarly, optical gain has been widely explored for loss 

compensation in plasmonic systems: it has been introduced into the core of plasmonic nanoshells to compensate 

intrinsic losses and enhance resonance quality10, incorporated into chiral scatterers to enhance optical chirality11, 

and employed in plasmonic nanoshell dimers to achieve strong near-field enhancement12. In the present work, 

we exploit this established loss-compensation mechanism for a different purpose: to realize a predominantly 

bianisotropic response, extending the concept to the optical regime through a realistic plasmonic platform and 

thereby accessing its associated unconventional scattering phenomena and wave-manipulation capabilities. 

    The paper is structured as follows. The fundamental polarizability constraints for lossy systems are first 

derived, establishing the loss-compensation condition as the key requirement for realizing a purely bianisotropic 

response. The design of a loss-compensated plasmonic nanoshell dimer is then presented, along with the 

numerical results confirming the nearly pure bianisotropic behavior. Subsequently, the experimental feasibility 

and resulting scattering phenomena of the proposed design are discussed. Finally, concluding remarks are 

provided. 

Fundamental Constraints on the Polarizability Tensor of Lossy Scatterers 
The polarizability tensor of a bianisotropic scatterer is not arbitrary but is constrained by fundamental physical 

principles. For linear, time-invariant systems in the absence of external bias, reciprocity imposes symmetry 

relations on the sub-blocks of the tensor. Specifically, the Onsager�Casimir relations require ̿ߙ௘௘ = ௘௘்ߙ̿
௠௠ߙ̿ , = ௠௠்ߙ̿

௘௠ߙ̿ , = ௠௘்ߙ̿−
, where the superscript �T� denotes the transpose operation. The minus sign in 

the magnetoelectric relation follows from the odd parity of the magnetic field under time reversal. These 

constraints reduce the degrees of freedom of the polarizability tensor and must be satisfied by any reciprocal 

scatterer. Beyond reciprocity, energy conservation imposes more stringent constraints on the polarizability 

tensor. For a bianisotropic scatterer embedded in a homogeneous medium, the extinction power, defined as the 

time-averaged work done by the incident field ܧ௜௡௖ and ܪ௜௡௖ to drive ݌ and ݉, can be written as4,5 

௘ܲ௫௧ = ߟ2݇ Im{ܨߙ̿†ܨ} (3) 

where ܨ = ௜௡௖ܧ) ,௜௡௖)், ݇ is the wavenumber in the host mediumܪ  is the medium impedance, and subscript ߟ

����� denotes conjugate transpose operation. Moreover, the total power scattered by the induced dipoles can be 

expressed as 

௦ܲ௖௔ =
ߟߨ412݇ [ܨߙ̿†ߙ̿†ܨ] (4) 

For a passive scatterer, energy conservation requires that the extinction power equals the sum of the scattered 

and absorbed powers, 

௘ܲ௫௧ = ௦ܲ௖௔ + ௔ܲ௕௦ (5) 
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where ( ௔ܲ௕௦ ≥ 0). Substituting Eqs. (3) and (4) into Eq. (5) yields the optical theorem for a passive lossy 

scatterer. 

Im{ܨߙ̿†ܨ} ≥ ߨ36݇ [ܨߙ̿†ߙ̿†ܨ] (6) 

With strict equality for lossless scatterers ( ௔ܲ௕௦ = 0).  In this work, ̿ߙ  denotes the full electrodynamic 

polarizability tensor, including radiation-reaction corrections, rather than the quasistatic polarizability, which 

does not generally satisfy the optical theorem in Eq. (6). To investigate the implications of passivity in the 

purely bianisotropic regime, defined by ̿ߙ௘௘ = ௠௠ߙ̿ =  0, we consider plane-wave illumination. Under these 

conditions, the extinction power in Eq. (3) reduces to  

௘ܲ௫௧ = ߟ2݇ Im{ܧ௜௡௖† ௜௡௖ܪ௘௠ߙ̿  + †௜௡௖ܪ  {௜௡௖ܧ௠௘ߙ̿ (7) 

For a reciprocal scatterer satisfying ̿ߙ௘௠ = ௠௘்ߙ̿−
, the magnetoelectric contributions cancel under plane-wave 

illumination, yielding ௘ܲ௫௧ = 0. Consequently, the left-hand side of Eq. (6) vanishes. In contrast, the right-hand 

side contains the positive-semidefinite quadratic form ̿ߙ̿†ߙ , which is nonzero whenever the 

magnetoelectric/electromagnetic polarizabilities are finite. Therefore, for a passive system, the inequality can 

be satisfied only if ̿ߙ௘௠ = ௠௘ߙ̿ =  0. This result demonstrates that a nontrivial purely bianisotropic response is 

incompatible with the simultaneous enforcement of passivity and reciprocity. Consequently, the realization of 

an ideal purely bianisotropic scatterer requires the relaxation of at least one of these constraints. In this work, 

we relax the passivity condition by introducing optical gain ( ௔ܲ௕௦ < 0) while preserving reciprocity ( ௘ܲ௫௧ = 0). 

The resulting system is no longer subject to the passivity-based optical-theorem bound of Eq. (6), thereby 

permitting nonzero magnetoelectric coupling in the absence of electric and magnetic polarizabilities and 

enabling the realization of a purely bianisotropic response.  

    An additional insight follows from Eq. (7). Since reciprocity enforces ௘ܲ௫௧ = 0, in the purely bianisotropic 

limit, the power balance requires ௔ܲ௕௦  = − ௦ܲ௖௔ meaning the power radiated by the induced dipoles must be 

supplied internally. Thus, realizing a purely bianisotropic response necessitates operation at the loss-

compensation point, where optical gain exactly balances dissipative and radiative losses. At this threshold, finite 

magnetoelectric coupling is sustained with no net power exchange with the incident field. Excess gain would 

drive the system into an amplifying regime ௘ܲ௫௧ < 0, while insufficient gain leaves it in a passive lossy state ௘ܲ௫௧ > 0 , where passivity constraints forbid the purely bianisotropic response. This loss-compensation 

condition is therefore crucial for realizing a nearly pure bianisotropic response in lossy systems. 

 

Loss-Compensated Plasmonic Nanoshell Dimer 
This section presents the design of a subwavelength scatterer exhibiting a nearly pure bianisotropic response at 

optical frequencies. Following the design methodology explained in6, such a response can be realized using two 

closely spaced, nonmagnetic subwavelength particles whose individual electric polarizabilities, ࢋࢋࢻ(૚)
 and ࢋࢋࢻ(૛)

, 

have real parts of equal magnitude and opposite sign, ܍܀(ࢋࢋࢻ(૚)) = (૛)ࢋࢋࢻ)܍܀− 
), and negligible imaginary parts. 

Under these conditions, the effective electric polarizability is suppressed, while the magnetic polarizability 

remains negligible due to the nonmagnetic nature of the constituents. The response is therefore governed by the 

magnetoelectric coupling terms, resulting in a predominantly bianisotropic behavior. 

    In the present work, these conditions are realized using two geometrically asymmetric plasmonic nanoshells 

with dielectric cores. Owing to their geometric asymmetry, the two nanoshells exhibit slightly detuned 

plasmonic resonance frequencies. For plasmonic nanoshells, the real part of the electric polarizability changes 

sign across resonance: it is positive below resonance and negative above. Consequently, a spectral region exists 

where one particle operates below resonance while the other operates above, allowing a wavelength to be 

identified where ܍܀(ࢋࢋࢻ(૚)) = (૛)ࢋࢋࢻ)܍܀− 
). In contrast to the lossless realization considered in6, the proposed 

plasmonic nanoshells are intrinsically lossy due to both dissipative and radiative losses, resulting in non-

negligible imaginary components of their electric polarizabilities, ۷ࢋࢋࢻ)ܕ(૚)
) and ۷ࢋࢋࢻ)ܕ(૛)

). Satisfying only the 

real-part condition is therefore insufficient to suppress the effective electric response and does not guarantee a 

nearly pure bianisotropic state. As established in the previous section, achieving a purely bianisotropic response 

in a lossy scatterer requires operation at the loss-compensation point, ࢚࢞ࢋࡼ = ૙, where radiative and dissipative 

losses are fully compensated. Since the extinction power is directly related to the imaginary part of the effective 

electric polarizability, this condition is physically equivalent to the suppression of the net imaginary part, ۷(ࢋࢋࢻ)ܕ = ૙. To achieve this regime, optical gain is introduced into the dielectric cores of the plasmonic 

nanoshells, driving the system toward ࢚࢞ࢋࡼ = ૙ at the wavelength where the real-part cancellation condition is 

simultaneously satisfied. 
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    Several strategies can be envisioned to achieve this loss compensation. One approach is to introduce optical 

gain into the core of only one plasmonic nanoshell while keeping the second particle passive and lossy. In this 

configuration, the gain-assisted particle is driven into the spasing regime10, resulting in a negative imaginary 

part of its electric polarizability, Im(ߙ௘௘(1)
) < 0, which compensates for the positive imaginary part of the lossy 

particle, Im(ߙ௘௘(2)
) > 0, in the spectral region where the real-part cancellation condition holds. Such a gain�loss 

configuration has been explored in PT-symmetric plasmonic dimers with balanced gain and loss13, in loss-

compensation-symmetry dimers where the gain and loss are unbalanced14, and in a microwave realization of a 

shadow-free scatterer using active and passive lumped elements7. Although this approach can, in principle, 

achieve the required loss compensation, it demands precise balancing of the gain and loss contributions and is 

prone to instabilities in the emissive regime7,14, where the linear gain model fails, and a full dynamical 

description based on the optical Bloch equations becomes necessary10. In this work, we adopt an alternative 

strategy: optical gain is introduced into the dielectric cores of both plasmonic nanoshells and tuned to 

compensate their combined dissipative and radiative losses. In this regime, neither particle operates beyond the 

spasing threshold. Instead, the imaginary parts of the individual polarizabilities are minimized at the design 

wavelength, Im(ߙ௘௘(1)), Im(ߙ௘௘(2)) ≈ 0. This approach enables operation near the loss-compensation point while 

maintaining a stable, predominantly bianisotropic scattering response. 

 
Electric Polarizability of a Gain-Assisted Plasmonic Nanoshell. The dipolar electric polarizability of a gain-

assisted plasmonic nanoshell, shown in Fig. 1(a), consisting of a gain-doped dielectric core of radius 1ݎ with 

permittivity ߝ௚ and a metallic shell of outer radius 2ݎ with permittivity ߝ௠, embedded in a host medium with 

permittivity ߝℎ, is given by the standard analytical expression for coated spheres10,12: 

0ߙ = ℎߝ22ݎߨ4 ௠ߝ) − ௚ߝ)(ℎߝ − (௠ߝ2 + ௚ߝ)3ߩ − ℎߝ)(௠ߝ + ௠ߝ)(௠ߝ2 + ௚ߝ)(ℎߝ2 + (௠ߝ2 + ௠ߝ)2ߩ2 − ௚ߝ)(ℎߝ − (௠ߝ
(8) 

 
where ߩ =  .is the core-shell ratio. This expression provides the quasistatic polarizability of the nanoshell 2ݎ/1ݎ 

To obtain the full electrodynamic polarizability ߙ  that satisfies the optical theorem Eq. (6), we apply the 

radiation-reaction correction4,5: 

ߙ1 =
0ߙ1 − ߨ36݇݅ (9) 

 

This correction accounts for radiative damping and ensures consistency with the optical theorem. The metallic 

shell is made of silver (Ag), and its complex permittivity is taken from the experimental data of Johnson and 

Christy15. The core consists of gain-doped silica, providing optical gain tuned to achieve the loss-compensation 

condition required to approach the nearly pure bianisotropic regime. The gain medium is modeled using a 

simplified effective-medium description, where the permittivity is expressed as ߝ௚ = (݊௚ + ݅݇௚)2, with ݊௚ =

1.46 and ݇௚ < 0 representing optical gain. The gain coefficient ݇௚  is treated as a tunable quantity and is 

adjusted to enforce the loss-compensation condition at the design wavelength. 

 

 

 
Fig. 1.  (a) Schematic of a nanoshell with a gain-doped silica core and a silver shell. (b) Real and (c) 

imaginary parts of the quantity ߙ௘௘(1) + ௘௘(2)ߙ
 for different values of the gain coefficient ݇௚.   
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Nanoshell Dimer Design. Having established the design methodology and the polarizability of a single gain-

assisted plasmonic nanoshell, we now introduce the proposed dimer configuration. The system consists of two 

closely spaced nanoshells embedded in air and excited by an ݔ-polarized plane wave propagating along the 

dimer axis (ݖ-axis), as illustrated in Fig. 2(a). As a representative design, the first nanoparticle has inner and 

outer radii 11ݎ = 15 nm  and 21ݎ  = 20 nm , respectively, while the second nanoparticle has 12ݎ = 20 nm 

and 22ݎ = 25 nm. These parameters introduce controlled geometric asymmetry through different core�shell 

ratios, 1ߩ  and 2ߩ , leading to a slight detuning of their plasmonic resonances while preserving the spectral 

proximity required for effective coupling. With a subwavelength separation of ݀ = 30 nm, the particles interact 

through their near fields, giving rise to a coupled electromagnetic system. Owing to the structural asymmetry, 

mutual coupling, and the orientation of the particle pair with respect to the incident field, the system exhibits an 

omega-type bianisotropic response, described as: ݌௫ = ௫ܧ௘௘௫௫ߙ  + ௘௠௫௬ߙ ௬݉௬ܪ = ௠௘௬௫ߙ ௫ܧ + ௠௠௬௬ߙ ௬ܪ (10) 

 

    For this design, the magnetic polarizability ߙ௠௠௬௬
 is expected to be naturally weak due to the use of 

nonmagnetic materials. Metallic nanoparticles do not support intrinsic magnetic dipole responses at optical 

frequencies, and the silica cores are far from their magnetic Mie resonance at the design wavelength. As a result, 

achieving a purely bianisotropic response depends primarily on the suppression of the electric polarizability, ߙ௘௘௫௫ , while simultaneously sustaining the magnetoelectric coupling terms, ߙ௘௠௫௬
 and ߙ௠௘௬௫

. To illustrate the 

cancellation mechanism discussed earlier, we calculate the individual electric polarizabilities of the two 

nanoshells using Eq. (9). Figure 1(b) and 1(c) show the real and imaginary parts of the quantity ߙ௘௘(1) + ௘௘(2)ߙ
 for 

different values of the gain coefficient ݇௚. It is important to emphasize that this quantity is shown for illustrative 

purposes only; it represents the sum of the individual polarizabilities and does not correspond to the effective 

polarizability of the coupled dimer. Nevertheless, it clearly demonstrates that the real parts cancel Re(ߙ௘௘(1)
) =−Re(ߙ௘௘(2)

)  near 476 nm , while the imaginary parts, initially significant due to plasmonic losses, are 

progressively reduced as gain increases and approach zero for ݇௚ = −0.06 at the same wavelength. This 

simultaneous cancellation of the real parts and suppression of the imaginary parts indicates that the loss-

compensation condition can be satisfied, and hence a nearly pure bianisotropic response is theoretically possible 

near 476 nm. 

 

 

 
Fig. 2.  (a) Schematic of the proposed plasmonic nanoshell dimer. (b) Far-field scattering pattern of the 

dimer under plane-wave illumination at 479 ݊݉ for ݇௚ = −0.06. Current density distribution and far-

field scattering pattern at 479 ݊݉ and for ݇௚ = −0.06   under (c, d) electric-field and (e, f) magnetic-

field excitation. 
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Simulation Results and Discussion. To confirm the predictions of the cancellation mechanism and to 

quantitatively validate the nearly pure bianisotropic response, full-wave electromagnetic simulations were 

performed using the finite-element solver COMSOL Multiphysics. The direct and indirect coupling coefficients 

of the coupled dimer were obtained using the dipole retrieval procedure explained in16. Figure 3(a) shows the 

magnitudes of the extracted polarizabilities for different values of the gain coefficient ݇௚. In the absence of gain 

(݇௚ = 0), the electric polarizability ߙ௘௘௫௫  is comparable in magnitude to the electromagnetic polarizability, 

preventing the system from exhibiting a predominantly bianisotropic response. As the gain level increases, the 

magnitude of the electric polarizability decreases progressively due to the suppression of dissipative and 

radiative losses. For ݇௚ = −0.06 , the electric polarizability is reduced by approximately three orders of 

magnitude relative to the electromagnetic polarizability at the wavelength of 479 nm. To quantify the degree 

of bianisotropy, we use the dimensionless bianisotropy factor Γ௕ = |௠௠ߙ௘௘ߙ|√/|௠௘ߙ௘௠ߙ|√ , which 

characterizes the relative strength of the indirect magnetoelectric coupling coefficients compared to the direct 

electric and magnetic ones. Figure 3(b) shows the evolution of Γ௕ for different gain values. For ݇௚ = −0.06, 

the indirect coupling terms exceed the direct ones by a factor of approximately 110 near 479 nm. The real and 

imaginary parts of the retrieved polarizabilities for ݇௚ = −0.06 are shown in Figs. 3(c) and 3(d). Figure 3(c) 

demonstrates that the real part of the electric polarizability crosses zero near 479 nm, consistent with the 

cancellation of the electric polarizabilities of the two detuned nanoshells. Moreover, its imaginary part is 

simultaneously suppressed through the loss compensation mechanism. In contrast, Fig. 3(d) shows that the 

electromagnetic polarizability remains finite in the same spectral region. These simulation results confirm that 

the nearly pure bianisotropic response is achieved at 479 nm for ݇௚ = −0.06, in good agreement with the 

theoretical prediction of 476 nm. 

 

 

 
Fig. 3.  (a) Magnitudes of the polarizabilities  ߙ௘௘௫௫  (blue),  ߙ௠௘௬௫

(red), and  ߙ௠௠௬௬
(green) for different 

values of the gain coefficient ݇௚. (b) Evolution of the bianisotropy factor Γb for different gain values. 

Real and imaginary parts of the retrieved (c) electric polarizability ௘௘௫௫ߙ    and (d) electromagnetic 

polarizability  ߙ௠௘௬௫
   for ݇௚ = −0.06. 
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    Achieving the loss-compensation condition for this structure is further evidenced in Fig. 4(a), which shows 

the scattering, extinction, and absorption cross sections at 479 nm, as a function of the gain coefficient ݇௚. As ݇௚  approaches −0.06 ௘௫௧ߪ ,  decreases to zero and ߪ௔௕௦  becomes negative, indicating that optical gain 

overcomes the dissipative and radiative losses. The scattering cross section remains moderate, reflecting 

scattering through the magnetoelectric coupling terms. To directly connect these observations to the underlying 

polarizabilities, Fig. 4(b) shows the imaginary parts of the extracted polarizabilities at 479 nm as a function of ݇௚. The imaginary part of the electric polarizability, Im(ߙ௘௘௫௫), decreases to zero, while the imaginary part of 

the magnetoelectric polarizability remains finite. This confirms that the loss-compensation condition is achieved 

through the suppression of  Im(ߙ௘௘௫௫), in agreement with the theoretical framework established earlier. 

 

 

Fig. 4.  (a) Scattering, extinction, and absorption cross sections at 479 nm as a function of the gain 

coefficient ݇௚. (b) Imaginary part of electric and magnetoelectric polarizability at 479 nm as a function 

of ݇௚. 

 

 

    To further demonstrate the microscopic origin of the magnetoelectric coupling coefficients and the 

suppression of the electric and magnetic polarizabilities, we excite the dimer using two counter-propagating 

plane waves. By adjusting their relative phase, two distinct excitation conditions can be realized. In the first 

case, the relative phases are adjusted so that the magnetic fields interfere destructively at the center of the dimer (ܪ = 0), while the electric fields interfere constructively. Under this pure electric-field excitation, the induced 

electric dipole moments in the two particles are equal in magnitude but opposite in direction (1݌ =  ,(2݌−

resulting in a strongly suppressed net electric dipole moment (݌௫ = ௫ܧ௘௘௫௫ߙ  ≈ 0). However, the antiparallel 

dipole configuration produces a circulating current distribution, giving rise to an effective magnetic dipole 

moment along the ݕ-axis, associated with the electromagnetic polarizability (݉௬ ≈ ௠௘௬௫ߙ  ௫), as illustrated inܧ

Fig. 2(c). The corresponding far-field scattering pattern at 479 nm, given in Fig. 2(d), exhibits interference 

between this magnetic dipole and an electric quadrupole arising from the finite spatial separation of the 

antiparallel electric dipoles. Conversely, when the electric fields interfere destructively at the center of the dimer 

ܧ) = 0), while the magnetic fields interfere constructively, the circulating electric field induced via Faraday's 

law excites electric dipole moments in the two particles that are aligned in the same direction along the ݔ-axis, 

resulting in a finite electric dipole moment associated with the magnetoelectric polarizability (݌௫ ≈ ௘௠௫௬ߙ   ,(௬ܪ

as shown in Fig. 2(e). In contrast, the magnetic dipole moment is negligible (݉௬ = ௠௠௬௬ߙ ௬ܪ ≈ 0), consistent 

with the nonmagnetic nature of the constituent particles. The corresponding far-field scattering pattern, shown 

in Fig. 2(f), exhibits the characteristic doughnut-shaped profile of an electric dipole at 479 nm. These results 

confirm that the direct electric and magnetic responses are suppressed while the magnetoelectric coupling terms 

remain finite, consistent with the polarizability retrieval in Fig. 3. 

 

 

 

 

 

 
 

Dispersive Gain Model and Practical Feasibility 
In the last section, the gain medium was modeled using a simplified effective-medium description with a 

constant complex permittivity. This constant-gain approximation, while widely employed in conceptual studies 

of gain-assisted plasmonic systems11,12, neglects the frequency dispersion and saturation inherent to realistic 



` 

gain media. However, this approximation is justified for the present conceptual demonstration because the 

system operates below the lasing threshold, and gain is required only within a narrow spectral window around 

the design wavelength where the real-part cancellation and loss-compensation conditions are simultaneously 

satisfied. Nevertheless, to verify the robustness of our conclusions, we also performed simulations using a 

dispersive Lorentzian gain model as described in10. Using this model, the gain permittivity is described by a 

Lorentzian lineshape centered at the design wavelength, with parameters chosen to match the constant-gain 

value ݇௚ = −0.06 at 479 nm (the gain coefficient obtained from the dispersive model is shown in Fig. 5(a)). 

The same simulations were performed using this dispersive model, and the bianisotropy factor obtained from 

the dispersive model is shown in Fig. 5(b), confirming that the nearly pure bianisotropic response is robust to 

realistic gain dispersion and is not an artifact of the constant-gain approximation.  

 

 
Fig. 5.  (a) Gain coefficient ݇௚ as a function of wavelength for the constant gain model (red) and the 

dispersive Lorentzian gain model (blue). (b) Bianisotropy factor as a function of wavelength obtained 

by the constant and dispersive gain models. 

 
    To further evaluate the experimental feasibility of the proposed dimer, we assess the magnitude of the 

required gain coefficient. The gain coefficient ݇௚ = −0.06 corresponds to an amplification coefficient of light 

intensity ݃ = ߣ/௚݇ߨ4− ≈ 1.57 × 104cm−1 at ߣ = 479 nm. This amplification coefficient can be expressed as ݃ =  ௘ is the emission cross-section of the gain material. Achievingߪ ௘, where ܰ is the gain concentration andߪܰ

such a high gain coefficient typically requires both a large emission cross-section and a high concentration. This 

requirement has been explored in conceptual studies of gain-assisted plasmonic systems, where gain coefficients 

up to ݇௚ = −0.2 have been investigated theoretically and numerically11,12,17,18. These works have considered 

organic dyes, rare-earth ions, and quantum dot inclusions as potential gain media. However, none of these 

studies address a specific physical material that can satisfy such high gain values experimentally. Nevertheless, 

experimental demonstrations of comparable gain coefficients do exist. For instance, T5oCx films18,19 have 

demonstrated a gain coefficient up to ݇௚ = −0.123  at 610 nm (corresponding to ݃ = 2.53 × 104cm−1), and 

gain coefficients up to ݃ = 6.8 × 104cm−1 have been achieved using quantum dot inclusions at cryogenic 

temperatures18,20. Additionally,  loss compensation has been experimentally verified in OG-488 dye-doped 

silica shells within a core-shell spaser geometry21 at 531 nm. These results show that gain coefficients of the 

required order are experimentally attainable, although none provide the exact gain coefficient required near the 

design wavelength of 479 nm. Thus, the direct realization of our specific structure remains a challenge that 

requires further investigation. As a step toward addressing this challenge, we suggest possible pathways for a 

practical realization. First, the operating wavelength of the nearly pure bianisotropic response can be tuned by 

adjusting the nanoshell dimer geometry. Changing the core radii shifts the response across most of the visible 

spectrum, allowing it to match the excitation window of available gain media. For example, core radii of 15 nm 

and 20 nm with a 5 nm silver shell yield a predominantly bianisotropic response at 479 nm for ݇௚ = −0.06,  

whereas increasing the core radii to 40 nm and 45 nm  shifts the response to 675 nm  for ݇௚ = −0.1 

(corresponding to ݃ = 1.86 × 104cm−1 ). Moreover, the required gain coefficient could be reduced by 

employing alternative nanoparticle geometries (e.g., disk-shaped or nanorod geometries) or different host 

materials. Thus, while the exact gain values at 479 nm have not been experimentally realized, the concept is 

physically plausible and provides a practical design framework whose realization will depend on the appropriate 

selection of a gain medium and nanofabrication. 

 

Scattering Pattern of the Proposed Nanoshell Dimer 
The far-field scattering pattern of the proposed nanodimer, evaluated at the nearly pure bianisotropic operating 

wavelength of 479 nm  for the gain coefficient ݇௚ = −0.06 , is shown in Fig. 2(b). The pattern exhibits 
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suppressed forward scattering and enhanced backward scattering, characteristic of the second Kerker effect22,23. 

This behavior can be explained by the fact that at this wavelength the response of the nanodimer is governed by 

electric and magnetic dipole moments arising almost exclusively from magnetoelectric coupling, i.e., ݌௫ ௘௠௫௬ߙ ≈ ,௬ܪ ݉௬ ≈ ௠௘௬௫ߙ  ௫ܧ . Due to reciprocity, ߙ௘௠௫௬ = ௠௘௬௫ߙ−
, the induced moments are equal in magnitude but out 

of phase, thereby satisfying the second Kerker condition. To further quantify this directional scattering behavior, 

we compute the nanodimer's radar scattering cross-section, shown in Fig. 6. The far-field scattered electric field 

of a dipolar scatterer is given by 

(ݎ)௦௖௔ܧ  = ݎߨ24݇  ݁௜௞௥[(݊̂ × (݌ × ݊̂  − ݊̂ × ݉] (11) 

 

where ݊̂ is the unit vector in the scattering direction. Using Eq. (11), the scattering cross sections in the forward 

ߠ) = 0) and backward (ߠ =  directions are obtained as (ߨ

௙ߪ  =  ݈݅݉௥→∞ 2ݎߨ4 ߮)௦௖௔ܧ| = 0, ߠ = 0)|2
௜௡௖|2ܧ| =

ߨ44݇ ௘௘௫௫ߙ| + ௘௠௫௬ߙ + ௠௘௬௫ߙ − ௠௠௬௬ߙ |2
௕ߪ (12) =  ݈݅݉௥→∞ 2ݎߨ4 ߮)௦௖௔ܧ| = 0, ߠ = 2|(ߨ

௜௡௖|2ܧ| =
ߨ44݇ ௘௘௫௫ߙ| − ௘௠௫௬ߙ + ௠௘௬௫ߙ − ௠௠௬௬ߙ |2

(13) 

 

In the nearly pure bianisotropic regime, where ߙ௘௘௫௫ ≈ 0 and  ߙ௠௠௬௬ ≈ 0 , the forward scattering cross section 

vanishes (ߪ௙ ≈ 0 ) due to reciprocity, ߙ௘௠௫௬ = ௠௘௬௫ߙ−
, while the backward scattering remains finite (ߪ௕ ≈௞44గ ௠௘௬௫ߙ| |2

) and is enhanced due to constructive interference of the magnetoelectric contributions.  

 

 

 
Fig. 6.  Forward (ߪ௙) and backward (ߪ௕) radar scattering cross sections as a function of wavelength. 

 

Another unconventional scattering response emerges when the nanodimer is reoriented in the plane of the 

incident field with a larger inter-particle separation, depicted in Fig. 7(a). At 477 nm and for the gain coefficient ݇௚ = −0.06, the induced electric dipole moments in the two nanoshells are equal in magnitude but opposite in 

phase, resulting in a strongly suppressed net electric dipole moment. In this configuration, the system sustains 

a net magnetic dipole moment oriented along the ݖ-axis, accompanied by an electric quadrupole contribution 

due to the finite separation of the particles. The extracted dipole moments, plotted in Fig. 8(a), confirm that the 

magnetic dipole dominates at 477 nm. Consequently, the far-field scattering pattern in Fig. 7(b) is governed by 

the interference between the magnetic dipole and the electric quadrupole, giving rise to predominantly lateral 

scattering. This side-scattering response can be further engineered to achieve directional lateral scattering by 

introducing an additional passive nanoshell between the two particles, as illustrated in Fig. 7(c).  The central 

particle, with radii 13ݎ = 17.5 ݊݉ and 23ݎ = 22.5 ݊݉, is chosen as the geometrical mean of the outer particles 

to position its plasmonic resonance near 480 nm. This particle is kept passive (݇௚ = 0) so that its induced 

electric dipole moment is comparable in magnitude to the magnetic dipole moment of the gain-assisted dimer 

at the operating wavelength.  
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Fig. 7.  (a) Schematic of the nanodimer reoriented in the plane of the incident field. (b) Far-field scattering 

pattern at 477 nm for ݇௚ = −0.06, showing predominantly lateral scattering. (c) Schematic of the trimer, the 

proposed dimer with an additional passive nanoshell located in between. (d) Far-field scattering pattern of the 

trimer at 477 nm, showing highly directional lateral scattering along the −ݕ direction. 
 

 

By tuning the inter-particle spacing, the electric and magnetic dipole moments are matched at 477 nm, as 

confirmed in Fig. 8(b). Under this condition, the trimer supports strong magnetoelectric interference, producing 

highly directional lateral scattering with radiation predominantly directed along the −ݕ, as depicted in Fig. 7(c). 

This directionality arises from the interference between the magnetic dipole of the dimer (oriented along ݖ) and 

the electric dipole of the central particle (oriented along ݔ). 

 

 

 
Fig. 8.  Magnitudes of the electric and magnetic dipole moments induced by the (a) dimer and (b) trimer. 

Conclusion 
In this work, we established the conditions required to realize a purely bianisotropic response in reciprocal lossy 

systems. We showed that the optical theorem prohibits passive reciprocal scatterers from simultaneously 

suppressing the direct electric and magnetic polarizabilities while preserving finite magnetoelectric coupling, 

and that this limitation can be overcome at a loss-compensation point where dissipative and radiative losses are 

balanced by optical gain. Based on this principle, we proposed a loss-compensated plasmonic nanoshell dimer 

in which resonance detuning suppresses the net electric dipole response while optical gain compensates the 

intrinsic losses. Full-wave simulations confirmed a nearly pure bianisotropic response at visible frequencies, 

with the magnetoelectric polarizabilities exceeding the direct electric and magnetic polarizabilities by more than 

two orders of magnitude. We further showed that this regime enables near-complete forward-scattering 

suppression and highly directional lateral scattering through magnetoelectric interference. These results 

establish a general framework for engineering nearly pure bianisotropic scatterers in active nanophotonic 

systems and may provide new opportunities for directional light manipulation and active metasurface design. 

 

Data availability 
Data underlying the results presented in this paper are available from the corresponding author upon reasonable 

request. 
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