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Tellegen medium has long been a topic of debate, with its existence being
contested over several decades. It was first proposed by Tellegen in 1948 and is
characterized by a real-valued cross coupling between electric and magnetic
responses, distinguishing it from the well-known chiral medium that has
imaginary coupling coefficients. Significantly, Tellegen responses are closely
linked to axion dynamics, an extensively studied subject in condensed matter
physics. Here, we report the realization of Tellegen metamaterials in the
microwave region through a judicious combination of subwavelength metallic
resonators, gyromagnetic materials, and permanent magnets. We observe the

key signature of the Tellegen response - a Kerr rotation for reflected wave,
while the polarization remains the same in the transmission direction. The
retrieved effective Tellegen parameter is several orders of magnitude greater
than that of natural materials. Our work opens door to a variety of non-
reciprocal photonic devices and may provide a platform for studying axion

physics.

Tellegen media, characterized by a real-valued cross-coupling between
electric and magnetic responses, are first theoretically proposed by
Tellegen in 1948 for designing an electromagnetic gyrator'. Ever since
then, Tellegen media has drawn significant attention and sparked
extensive discussions regarding its existence in electromagnetics®”.
The Tellegen coupling, as a subclass of the bianisotropic coupling,
renders additional degrees of freedom for manipulating the light-
matter interactions and controlling the wave polarization®’. When an
electromagnetic wave interacts with a Tellegen material, angular
momentum is transferred to reflected waves, inducing a rotation of the
polarization plane of the reflected wave, referred to as the Kerr effect™.
Differing from extensively studied reciprocal chiral media” ™, Tellegen
media possess a nonreciprocal nature due to the broken parity sym-
metry and time-reversal symmetry. Therefore, Tellegen materials offer
the promise of nonreciprocal wave propagation, with practical appli-
cations such as electromagnetic isolators and nonreciprocal twist
polarizers'". In addition, the Tellegen response is closely associated
with axion electrodynamics, which has drawn great attention due to its

connections with topological insulators, high-energy physics, and dark
matters'®", Although axion response has been extensively studied in
condensed matter physics®>* and has been experimentally reported in
some antiferromagnetic crystals”? and electronic topological
insulators'®*?, the experimental realization of a strong and flexibly
tunable axion response has remained elusive. Interestingly, the elec-
trodynamic equations of a media with a pure Tellegen response have
the same form as those of the axion media®®*~°, making it an exciting
opportunity to explore axion-related physics with Tellegen materials.
Despite the substantial interest and significance of the Tellegen
response in both applied and fundamental physics, most of the
research about the Tellegen response has remained confined to the-
oretical exploration over the past two decades™* ™, A ferrite-based
structure has been proposed as a Tellegen particle in the microwave
regime, based on the measurement of the amplitude of the cross-
polarized wave in a waveguide®**’. However, it was later argued that
such a measurement in the waveguide was not convincing, as no
definite and stable polarizability parameters characterizing the
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magnetoelectric properties could be found®. To date, a decisive
demonstration of Tellegen media exhibiting their key features still
remains elusive.

In this work, we report the experimental realization of a meta-
material with a pure Tellegen response, and the first observation of a
gigantic Tellegen response that is several orders of magnitude stron-
ger than that observed in natural materials. Specifically, combining
gyromagnetic materials and split-ring resonators, a Tellegen meta-
material with in-phase magnetoelectric coupling is designed and fab-
ricated. When an electromagnetic wave impinges on the Tellegen
metamaterial slab, the polarization of the reflection wave is rotated
(i.e., the Kerr effect), while the transmission wave remains the same
polarization as the incident field, serving as the most key character-
istics of a pure Tellegen response that has been missing so far. Notably,
giant Kerr rotation reaching 90° is observed, indicating a strong
effective Tellegen coupling parameter several orders of magnitude
greater than that of intrinsic magnetoelectric materials (e.g., Cr,05%).
It is noted that the pure Tellegen response is closely associated with
axion electrodynamics. Furthermore, the measured magnetoelectric
nearfield distribution within a metamaterial unit-cell provides more
evidence supporting the rotation of polarization response in the far-
field. The experimental realization of Tellegen metamaterials not only
holds promise for various practical applications, such as electro-
magnetic isolators and nonreciprocal twist polarizers, but also opens
up significant opportunities for the experimental exploration novel
concepts related to axion electrodynamics in microwave range.

Results

Tellegen media’s polarizability properties

We start with a general description of the polarizability of bianiso-
tropic meta-atoms, which plays a pivotal role in governing the elec-
tromagnetic response of bianisotropic metamaterials. For a general
bianisotropic meta-atom, the induced electric dipole moments p and
magnetic dipole moments m can be related to the incident electro-

magnetic fields E;, and H;, by a polarizability tensor>*:

P _ Eee Eem Ein
<m>‘<ameamm><um>' @

where @, and a,,, denote the electric and magnetic polarizability
tensors respectively; @, and @, respectively represent the electro-
magnetic and magnetoelectric polarizability tensors, describing the
cross-coupling between the electric and magnetic responses. For the
metamaterial with isotropic in-plane response, the bianisotropic
coupling can be categorized into four basic classes—two that are
reciprocal (chiral and omega), and two that are nonreciprocal
(Tellegen and moving)*°*!, Each category exhibits unique transmission
and reflection in response to incident waves, determined by the phase
and polarization of induced dipoles**™**. Tellegen materials represents
a specific class of bianisotropic coupling that is characterized by a real-
valued (in-phase) cross-coupling polarizability.

To gain a comprehensive understanding of Tellegen response, we
provide a comparative illustration depicting the electromagnetic
response between a Tellegen metamaterial slab and an extensively
studied chiral metamaterial slab in Fig. 1**. We assume that the
metamaterial slabs are positioned in the x-y plane, and they are illu-
minated by a normally incident y-polarized plane wave. For a chiral
meta-atom characterized by an imaginary-valued cross-coupling
polarizability, the electric field E,, (magnetic field H,) induces a mag-
netic dipole —im,, (an electric dipole ip,), as illustrated in the left inset
of Fig. 1a. Notably, the presence of the imaginary unit i indicates that
the induced magnetic and electric dipole moments exhibit an addi-
tional /2 phase shift with respect to incident fields. In the chiral
composite slab, the two dipole moments both emit scattered waves of
orthogonal polarization to that of incident wave, which constructively

interference in the forward direction, giving rise to a rotation in the
polarization of the transmitted wave. Consequently, as depicted in
Fig. 1a, the incident wave, polarized along the y-axis, transforms into a
linear polarized transmitted wave, while the polarization plane of the
reflected wave remains unchanged due to the destructive interference
of the x-polarized scattered wave.

In contrast, in the case of a Tellegen meta-atom, the induced
magnetic (electric) dipole moments align parallel to the incident
electric (magnetic) field (the right inset of Fig. 1b) with an in-phase
coupling. It is worth noting that the metamaterials under investigation
exhibit an isotropic response only in the x-y plane, while the electro-
magnetic response in the z-direction is different. In the metamaterial
slab with pure Tellegen response, the effective electromagnetic
response can be expressed as the following constitutive equations*:
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where ¢ and p are the effective permittivity and permeability, and £
represents the effective Tellegen parameter. The Tellegen response,
featuring a real-valued cross-coupling term, violates reciprocity while
holding the Hermitian requirements that the induced magnetic dipole
m, and electric dipole p, have the same phase as the incident fields. In
contrast to the chiral slabs, scattered waves of orthogonal polarization
interfere constructively (destructively) in the backward (forward)
direction, resulting in a rotation of the polarization plane of the
reflected wave. This effect is called the Kerr effect. It should be noted
that the metamaterial slab with pure Tellegen response exhibits the
Kerr effect for arbitrary polarization of linearly polarized incident
waves and ensures that the transmitted wave passing through the
Tellegen metamaterial slab retains the same polarization as the
incident wave as schematically illustrated in Fig. 1b.

Interestingly, the constitutive relations of the Tellegen media in
Eq. (2) can be rewritten as:

- B o 3)
Hol
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Fig. 1| Principle of chiral and Tellegen response. Schematics of the electro-
magnetic response of (a) a chiral and (b) a Tellegen metamaterial slab. The insets
adjacent to each schematic display the cross-coupling polarizability of a chiral
meta-atom (green sphere) and a Tellegen meta-atom (brown sphere), respectively.
Here only dipole moments resulted from the cross-coupling are shown for clarity.
The metamaterial slabs positioned in the x-y plane, are subjected to normal illu-
mination by a plane wave propagating along the z-direction. The labels “Y-pol” and
“L-pol” correspond to y-polarization and linear polarization, respectively.
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Effective SRR models

Fig. 2 | The design of the metamaterial unit-cell with the pure Tellegen
response. a Schematic of a Tellegen unit-cell comprised four sub-particles that are
constructed by inserting an YIG rod (black cylinder) and a magnet (silvery cylinder)
in the saddle-shaped metallic coil (yellow color). Two sub-particles invert the
orientation, biased by opposite external magnetic fields, as denoted by blue arrows.
b The saddle-shaped metallic coil of the sub-particles can be effectively regarded as
two orthogonal SRRs along x-direction (blue color) and y-direction (red color),

Bianisotropy

respectively. ¢ The underlying mechanism responsible for generating the pure
Tellegen response. Upon the incidence of a plane wave with y-polarization, the x-
oriented magnetic field H, induces a magnetic dipole —im, in the YIG rod, and then
excites the electric current along the SRR in the x-direction, inducing the electric
dipole p,.. The current and charge accumulation are shown in the SRR. The inversed
structure cancels the unwanted gyromagnetic and bianisotropic response.

where the field vectors B, H, D, E contain both x and y components.
is coupling constant. Equation (3) presents the constitutive relations
of the axion media***°. The axion-coupling term 9§ is related to the
Tellegen coupling term by ad = §/cyuou. The effective permittivity of
the axion media is modified as gy& =56 — 62/03;10;1, while the
effective permeability remains the same as that of the Tellegen
media. The presence of the axion-coupling term modifies the
Maxwell equations within axion media, giving an additional term in
Lagrangian density (Supplementary Materials Sec. 1). Consequently,
the Tellegen metamaterial, which embodies the equations of axion
electrodynamics, serves as a practical platform for investigating the
intriguing associated phenomena. In particular, at the interface
between the air and Tellegen metamaterial slab, the sudden change
of the axion field affects the electromagnetic response, giving rise to
the distinctive Kerr effect, which is the fingerprint of the axion
response’®,

Tellegen metamaterial design

To achieve pure Tellegen coupling as described in Eq. (2), we propose a
Tellegen metamaterial design that incorporates saddle-shaped con-
nective metallic coils and rods of gyromagnetic materials biased by
external magnetic fields generated by locally positioned magnets, as
schematically shown in Fig. 2a. Specifically, each sub-unit consists of an
Yttrium-iron-garnet (YIG) rod (black cylinder) placed in the center of
the saddle-shaped connective metallic coil (yellow color), biased by a
small magnet (bright disc). The saddle-shaped metallic coils strongly
confine the magnetic field, such that the incident wave can efficiently
interacts with the YIG rod which is commonly utilized to achieve
nonreciprocal response’®”’. This, in turn, enables the generation of a
strong cross-coupling response. Each unit-cell comprises four sub-
units, with two of them biased by opposite external magnetic fields
relative to the other two, as indicated by the blue arrows in Fig. 2a. We
note that such a metamaterial unit-cell shares some similarities with a

recent theoretical work (ref. 33.) in terms of the structural configura-
tion. The saddle-shaped connective metallic coils, with four-fold
rotational symmetry, can be effectively regarded as two orthogonal
splitting resonator rings (SRRs), which are represented by red and blue
metal strips, respectively, as shown in Fig. 2b. Similarly, the inverted
sub-particle corresponds to flipped SRRs, as shown in the right panel
of Fig. 2b.

The schematic in Fig. 2c elucidates the underlying mechanism
responsible for generating the pure Tellegen response within the unit-
cell in Fig. 2a. When a plane wave with y-polarization is incident onto
the sub-unit structure, the x-oriented magnetic field H, induces an
oscillating magnetic dipole moment —im, (upper panel), due to the
gyromagnetic effect (i.e., the antisymmetric part of the YIG perme-
ability tensor). This magnetic dipole is orthogonal to incident field,
which effectively rotates the incident field by 90 degrees. According to
the Lenz-Faraday law, the magnetic dipole moment excites the electric
current in the SRR and causes opposite charge accumulation in the two
vertical arms, leading to an x-directed electric dipole p, (lower panel).
The induced electric dipole is collinear with the incident magnetic
field, representing an in-phase cross-coupling, which is the essence of
the Tellegen response. As depicted in Fig. 2¢c, the sub-units, biased by
opposite magnetic fields, induce magnetic dipole moments of oppo-
site polarities (denoted by —im, and im, respectively), while giving rise
to the same electric dipoles p,. The y-oriented electrical field £, induce
m, in a similar manner, as shown in Supplementary Fig. 1. Conse-
quently, the metamaterial unit-cell, consisting of two sets of sub-units
with reversed orientation, effectively cancels out unwanted responses
such as the gyromagnetic and omega response. We numerically cal-
culate the magnetic and electric dipole moments, validating the pure
Tellegen response of the metamaterial (refer to Supplementary
Materials Sec. 2 for more details). In addition, the microscopic polar-
izability analysis of the metamaterial unit-cell is in concordance with
the results of the structural symmetry analysis (refer to Supplementary
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Fig. 3 | Experimental measurement of the Tellegen slab. a The experimental
setup for measuring the transmission, utilizing antennas connected to a VNA. The
left panel displays a zoom-out portion of the actual sample, with the silver and black
cylinders representing the magnets and YIG rods inserted into the circuit board,
respectively. The red frame highlights a unit-cell structure. b, ¢ Measured and
simulated reflection and transmission intensity spectra. The labels “CO-” and “CR-"

indicate co-polarization and cross-polarization respectively, and “T” and “R” pre-
sent transmission and reflection respectively. d Simulated (lines) and measured
(circles) Kerr rotation angle induced by the Tellegen response. e Extracted effective
Tellegen parameter obtained from simulated (line) and measured (circles) results.
f, g The simulated and measured polarization state of the reflected beam at the
specific frequencies.

Materials Sec. 3 for details), both indicating the achievement of a pure
and isotropic Tellegen response in the x-y plane.

Experiment measurement
A Tellegen metamaterial slab is constructed by arranging the designed
metamaterial unit-cell structure periodically along the x- and y-direc-
tions with a period of L =17.6 mm. The sample was fabricated using the
Printed Circuit Board (PCB) technology. The saddle-shaped connective
metallic coil is embedded inside Teflon with a relative permittivity of
2.72 and loss tangent of 0.008. The YIG rods and permanent magnets
are inserted into the circular apertures drilled into the fabricated cir-
cuit board, as shown in the photograph presented in the left panel of
Fig. 3a. The red frame marks the actual unit-cell structure, wherein the
permanent magnets of two sub-particles have reversed orientation to
provide opposite magnetic bias. For the experimental measurement of
the transmission, the sample is positioned between two linearly
polarized wideband horn antennas connected to the ports of a Vector
Network Analyzer (VNA), as shown in Fig. 3a. The incident wave from
the source horn antenna is polarized in the y-direction and normally
impinged on the metamaterial slab. By aligning the receiving antenna
parallel (perpendicular) to the source antenna, we can measure the co-
polarized (cross-polarized) transmission signals. Similarly, by placing
the probe antenna on the same side as the source antenna, we can
measure both co- and cross-polarized reflected signals. More details
about the sample are provided in the Supplementary Materials Sec. 4.
The measured reflection and transmission intensity spectra for
both the co- and cross-polarization are shown in Fig. 3b. The reflection

spectrareveal that the reflection wave undergoes polarization rotation
across a broad frequency range, indicating the presence of the Kerr
effect induced by the Tellegen response. At the resonant frequency of
9.5GHz, the cross-polarized reflectivity reaches its maximum, while
the co-polarized reflectivity is almost zero, representing a near-
complete cross polarization conversion in reflection. This indicates a
strong Tellegen response at the resonance frequency. Furthermore, as
shown by Fig. 3b, the transmission wave remains the same polarization
as the incident wave, as evidenced by the near-zero cross-polarization
transmissivity observed across the entire frequency range of interest,
which is another key signature of a pure Tellegen response. We also
perform simulation on the reflection and transmission, with the results
shown in Fig. 3c. The simulation is conducted using the commercial
software COMSOL Multiphysics, employing a periodic unit-cell struc-
ture. Despite some discrepancies in the higher frequency range may be
caused by the inhomogeneous distribution of the static magnetic field
in the experiment, the simulation results show good agreement with
the measured spectra, further validating the presence of pure Tellegen
response of the metamaterial slab.

Both the simulated and measured polarization rotation of reflec-
ted light are provided in Fig. 3d, which confirm the rotation of the
reflected light across a wide range of frequencies. The simulated and
measured polarization states of the reflected beam at the specific
frequencies are shown in Figs. 3f, g. Due to the presence of loss in the
real structure, the polarization state of the reflected beam slightly
deviates from the linear polarization and become elliptically polarized.
When the loss is excluded from the simulation model, the reflected
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Fig. 4 | Near-field characterization of the Tellegen metamaterial slab. The simulated (a-c) and measured (d-f) £, component of the nearfield for a metamaterial unit-cell
at three different frequencies: 8.7 GHz, 9.5 GHz, and 10.2 GHz. The center of the circular metal coil is plotted by dashed line.

wave exhibits linear polarization, as demonstrated in Supplementary
Fig. 6. Nonetheless, one can still use the major axis to characterize the
polarization rotation, as explained in detail in Supplementary Materials
Sec. 5. Near the reflectivity peak at 9.5 GHz, the Kerr rotation is
approximately 90 ° for both simulation and measurement, confirming
a near-complete cross polarization conversion from y-polarized inci-
dent wave to x-polarized reflected wave. The rotation angle reaches
maximum at a slightly higher frequency than the resonance for both
the simulation and experiment. The measured rotation angle is much
larger than that of intrinsic magnetoelectric materials such as Cr,0s.

The polarization rotation angle of reflected light is closely related
to the Tellegen coupling parameters®*

2
tan Oy, = % “4)

Notably, the induced Kerr rotation 8,,, is independent of the
thickness of the metamaterial slab. For our metamaterial with isotropic
in-plane response, effective medium description is valid for the z-
direction, which is supported by consistent simulated Tellegen para-
meters extracted from the metamaterials of multiple layers (see Sup-
plementary Fig. 7). Consequently, the effective Tellegen parameter can
be retrieved from the transmission and reflectance, as shown in Fig. 3e.
The retrieved parameter from both the experimental and simulation
results reach its peak at the resonance frequency. Around the reso-
nance frequency, the measured Tellegen parameter £ is approximately
3.5, several orders of magnitude greater than that of Cr,05. Such a
substantial Tellegen coupling can be attributed to the engineered
resonance of the metamaterial which significantly increases the inter-
action between the SRR and the YIG rod. Subsequently, we obtain a
very large effective axion-coupling term § at the resonance frequency
(Supplementary Fig. 8). Hence the demonstrated Tellegen metama-
terial provides a promising platform for exploring axion-related phy-
sics. Here we would like to note that, due to the presence of spatial
dispersion in the metamaterial, the retrieved parameters under normal
incidence would not rigorously explain the electromagnetic responses
at oblique incidence with significant incident angles.

Near-field characterization

We further study the magnetoelectric response of the Tellegen meta-
material via near-field characterization at its surface on the transmis-
sion side. Figure 4 shows the E, component of the nearfield
distributions on an x-y plane at the transmission side of the sample
where the circular metal coils are indicated by the dashed circles. At the
frequency of 8.7 GHz, which is away from the resonance frequency, the
Tellegen coupling is negligible (Fig. 3e), and the incident field £, pre-
dominantly excites the electric current in the SRRs oriented in the y-
direction, inducing charge accumulation and consequently electric
dipoles oscillating in the y-direction. At the resonance frequency of
9.5 GHz, the strong Tellegen coupling of the metamaterial induces the
electric dipole oscillating in the x-direction. As a result, the super-
position of the electric dipoles oscillating in the y-direction and x-
direction leads to an overall nearfield oscillating at a tilted angle with
respect to the y-axis (Fig. 4b). At a higher frequency of 10.2 GHz,
beyond the resonance frequency, the Tellegen coupling starts to van-
ish, leading to a nearfield £, predominantly oscillating in the y direction
(Fig. 4c). The measured near-field distribution is shown in the lower
panels of Fig. 4, showing good agreement with the simulated results.
Therefore, the microscopic probing of the magnetoelectric nearfield
provides further evidence of the Tellegen response. Interestingly,
despite that the electric dipoles oscillating at a tilted angle close to the
resonance frequency, the transmission should preserve the same
polarization as the incident wave, which is protected by the combina-
tion of the inversion symmetry and Onsager-Casimir relations (Sup-
plementary Materials Section 6). However, lacking any symmetry
protection, the polarization of reflected wave is changed as a result of
nonreciprocal interaction of incident wave with the metamaterial.

Discussion

In summary, we have proposed and experimentally demonstrated a
metamaterial slab that exhibits a pure Tellegen response. Such a
Tellegen metamaterial is constructed by assembling resonant metallic
coils, YIG rods and permanent magnets in a judicious manner, such
that the Tellegen response is dramatically enhanced and meanwhile
other bianisotropic effects are canceled. By measuring both the co- and
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cross-polarized reflection and transmission, we observe a giant polar-
ization rotation in reflection, with a Kerr rotation reaching 90° at the
resonance frequency. Meanwhile, the transmission wave remains the
same polarization as the incident wave, characteristic of a pure Telle-
gen response. The extracted effective Tellegen coupling term is several
orders of magnitude larger than that of natural materials. Our study
bridges the gap in the experimental realization of Tellegen metama-
terial, which has significant implications for the understanding of
nonreciprocal magnetoelectric response and holds promise for various
applications like electromagnetic isolators and nonreciprocal twist
polarizers. Furthermore, the Tellegen metamaterial assumes particular
importance in the realm of fundamental physics, unlocking the
potential for experimental exploration of intriguing and exotic con-
cepts of axion electrodynamics.

Methods
Simulation
We simulated the transmission and reflection spectra of the device
using the commercial software COMSOL Multiphysics based on the
finite element method (FEM). The relative permeability tensor of the

u ik O
gyromagnetic materials has the form pu=|-ik u, 0|, where
0O 0 1
_ (0o +iow)w, _ W0, _ —
Hr 1+ (w0+iaw)2—w2' (w0+iaw)z—w2'wm 4nyM5'wO V”OHO' and

HoH, is the external magnetic field along the z direction which is
considered as 0.22T, y=2.8 MHz/Oe is the gyromagnetic ratio,
« =0.002 is the damping coefficient, and w is the operating frequency.
The saturation magnetization has been set to 4tyM, =1780 Oe. Non-
zero insertion loss is used in the simulation (PCB material) to match the
practical experiment. Since the metasurface is periodic, we simulate a
single unit cell with periodic boundary condition.

Experimental setups

To measure the near-field, we employ a horn antenna acting as a
source and a dipole antenna acting as a probe to receive electro-
magnetic waves, which is placed 0.5mm above the samples. The
transmission measurement is performed in the microwave regime
using two horn antennas (operational range 8-15 GHz) to sweep the
frequency. In order to minimize the Fabry-Pérot effect between slab
and antenna in the direction of transmission and reflection, the mea-
sured signal in frequency domain was transformed into time domain.
Then we use time gating to isolate a single response in space to alle-
viate the interference pattern presented in frequency domain.

Data availability

Data supporting key conclusions are available in the main text and the
Supplementary materials. Data that support all other findings of this
study are available from the corresponding author upon request.
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