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Fano resonance is achieved by tuning two coupled oscillators and has exceptional potential for
modulating light dispersion. Here, distinct from the classical Fano resonances achieved through photonics
methodologies, we introduce the Fano resonance in epsilon-near-zero (ENZ) media with novel
electromagnetic properties. By adjusting the background permeability of the ENZ host, the transmission
spectrum exhibits various dispersive line shapes and covers the full range of Fano parameter ¢
morphologies, from negative to positive infinity. Furthermore, owing to the stretched electromagnetic
waves in the ENZ media, ENZ Fano resonance has geometry-independent characteristics and can even be
attained on a subwavelength scale. With the assistance of the Fabry-Perot mode, the background relative
permeability of waveguide ENZ media can be engineered, experimentally validating the concept of ENZ
Fano resonance. Our Letter has significant implications for electromagnetic metamaterials and photonic
devices, with potential applications in exotic dispersion modulation and synthesis of light.
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Introduction—Fano resonance was discovered in 1935
[1,2] by Ugo Fano and describes the general weak coupling
between a discrete localized state and a continuum of states
in optics. The absorption spectrum, o(E), of the Fano
resonance can be described by the following formula:

o(E) = D*(q¢ +Q)*/(1+ Q). (1)

where E is the energy, ¢ is the Fano parameter, Q is the
normalized detuned energy, and D? is the normalized
amplitude [3,4]. By adjusting the phase shift of the
continuum oscillator, the Fano parameter ¢ can be modi-
fied, thereby tuning the dispersive spectrum. Multiple
methods [5-9] have been investigated to achieve Fano
resonance. These approaches demonstrate exceptional
potential for controlling light, with notable applications,
including ultrasmall lasers [10], all-optical switches [11],
and molecular monolayer sensors [12]. However, these
methods for achieving Fano resonance typically require
multiple wavelengths or free space; this leads to dimensions
much larger than their wavelengths [5—7] or their restriction
to a specific frequency range [8,9]. For broader applica-
tions, new Fano devices with highly flexible geometries
and adjustable frequencies are urgently needed [4]. Media
with extremely low permittivity, specifically epsilon-near-
zero (ENZ) media, are a potential solution to this issue
[13-20]. Exploiting the stretched wavelength [21], energy
exchange and transmission can be attained in ENZ media
with arbitrary shapes and subwavelength scales. This leads
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to exceptional phenomena, including supercoupling
[13-18] and ideal electromagnetic (EM) flow [19,20].
By overcoming the size limitations of traditional metama-
terials [22,23], typical applications have been achieved in
ENZ media, such as impedance matching and cloaking
[24-26], antidoping and 3D wave bending [27-29], coher-
ent perfect absorption [30,31], ultrathin ENZ waveguides
[32,33], non-Hermitian zero refractive indices [34], geom-
etry-independent antennas [35-37], and calculus calcula-
tors [38]. Additionally, ENZ media provide an effective
mechanism for weak coupling [19,20]. Thus, Fano devices
can be designed with extremely small volumes and arbi-
trary shapes by establishing weak coupling between the
ENZ media and another oscillator.

In this Letter, we introduce the Fano resonance in
epsilon-near-zero media, referred to as “ENZ Fano reso-
nance.” Unlike classical Fano resonances achieved through
photonics methods, this resonance is attained by establish-
ing weak coupling between a continuum ENZ oscillator
and a discrete dielectric oscillator. First, by adjusting the
background relative permeability yy, of the ENZ media, the
phase shift 6 of the ENZ oscillator and the Fano parameter
q are effectively tuned. The dispersive spectra exhibit five
distinct shapes, covering the entire range of Fano resonance
morphologies. Furthermore, ENZ Fano resonance has
outstanding properties, including geometry independence
and an exceptionally small volume. For experimental
verification, we introduce an approach to tune the back-
ground relative permeability of waveguide ENZ media
assisted by the Fabry-Perot (F-P) mode [39,40], and three
dispersive spectra with ¢ = —1, 0, and 1 are experimentally
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FIG. 1. Conceptual sketch of ENZ Fano resonance. (a) Corre-
spondence between the ENZ Fano resonance and classical Fano
resonance. (b) Schematic of the spectra for both ENZ and
classical Fano resonances.
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attained. To highlight the potential of flexible dispersive
modulation in ENZ Fano resonance, sophisticated filters
are engineered. ENZ Fano resonance presents significant
potential for the unique modulation and synthesis of light
dispersion; it has notable implications for electromagnetic
metamaterials and photonic devices, spanning applications
from the microwave to the midinfrared range, including
lasers, all-optical switches, and on-chip photonic sensors.

General concept—To implement the concept of ENZ
Fano resonance, we start by examining the conditions
required to achieve the classical Fano resonance. Based on
the model of two coupled driven oscillators in Fig. 1(a)
[4,41], Fano resonance arises from the coupling of two
oscillators with significantly different damping rates; this
process leads to either narrow or broad spectral lines.
Specifically, the phase of continuum oscillator 1 slowly
varies, whereas discrete oscillator 2 experiences a z-phase
shift at the resonant frequency [4]. By combining the
resonance of the two oscillators, an asymmetrical spectral
line is established; this line features a sharp transition
between a dip and a peak. In addition, Fano resonance
requires oscillators to operate in a weak coupling regime
[42]. Once these conditions are met, the Fano formula can
be used and is shown in Eq. (1). The Fano parameter ¢ is
the cotangent of §, where & represents the phase shift of
continuum oscillator 1. g affects the morphologies of the
spectral lines. Since ENZ media have demonstrated great
potential to be treated as a continuum state with a weak
coupling energy exchange mechanism [19,20], a discrete
oscillator needs to be introduced into the ENZ media to
construct ENZ Fano resonance.

Multiple types of oscillators can be introduced into ENZ
media [16,32,43]. For example, we introduce a 2D dielec-
tric oscillator to construct ENZ Fano resonance (see
Supplemental Material [44] note 1). In the conceptual
sketch depicted in Fig. 1, a cylindrical dielectric rod is
positioned in an ENZ host. According to the Helmholtz

equations [45] (see [44] note 2), the dielectric rod exhibits
discrete resonant behavior at Jo(kgqry) = 0. Here, Jo(—)
represents the zeroth-order Bessel function of the first kind,
kq denotes the wave vector, and ry represents the radius of
the cylindrical rod. The resonance induces a sudden =z
phase shift, corresponding to discrete oscillator 2 in the
Fano resonance. Moreover, the phase shift of continuum
oscillator 1, i.e., the ENZ media, is influenced by .
Consequently, as depicted in Fig. 1(b), the parameter ¢ in
ENZ Fano resonance is modulated from negative infinity to
positive infinity; this results in five spectral line types that
cover the entire Fano resonance morphologies.

Theoretical calculation and numerical simulation—To
illustrate the geometry independence and exceptionally
small volume characteristics without loss of generality,
Fig. 2(a) shows an ENZ host with an irregular “cordate”
shape, a relative permittivity &, a relative permeability sy,
and an area of A at a subwavelength scale. The dielectric
rod, with a radius of ry, an area of A, a relative permittivity
&4, and a relative permeability pq = 1, is positioned within
the ENZ host. Two waveguides are filled with media and
have normalized relative permittivity e, and relative per-
meability p, = 1; these are used for transmitting and
receiving the waves. The entire system is excited by
transverse magnetic (TM) waves, with the magnetic field
oriented out of plane. The Fano parameter ¢ factor only
depends on the phase shift of the ENZ host §. The exact
transmission coefficient 7 and reflection coefficient R of
only the ENZ host can be calculated as follows [46] (see
Supplemental Material [44] note 3):

)
2cos(\/m(51)—i( ”h€+\/;)sm(\/mwl)
(2)

2
2cos(ymanel) — i 2+ \/;) sin (/g el)
(3)

T(w)=

Here, w is the angular frequency, c is the speed of light in
vacuum, / is the propagation length of EM waves in the
ENZ media, i is the imaginary unit, and an e’ time
convention is assumed. The Fano parameter g can be
calculated using the following formula:

g = cotd = cotArg[R(w)], (4)

where Arg[R(w)] is the phase of the reflection coefficient.
Under the condition &, ~ 0, we can obtain an approximate
result of the ¢ factor, as follows:
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FIG.2. Theoretical approach and numerically simulated results of ENZ Fano resonance. (a) Geometry of ENZ Fano resonance in ENZ
media. (b) Relationships among the background phase shift §, the ¢ factor, the background relative permeability u,, and the linear types.
(c) and (d) Theoretically calculated results and numerically simulated results of ENZ Fano resonance with different yy, values in (a).
(e) Simulated magnetic field distributions out of plane at the specialized frequencies in (d).

N Vel
4R —Hn- (5)

To compare the numerical differences between the exact
and approximate formulas, we set the specific parameters
of Fig. 2(a) (see Methods in the Supplemental Material
[44]). The phase shift o, exact and approximate g factors,
which change with g, are presented in Fig. 2(b). The
approximate results can closely match the exact results,
particularly when g, is small. In summary, by adjusting
only y,, we can induce changes in ¢ to enable the full
coverage of the five different morphologies and spectral
line types in the ENZ Fano resonance.

To verify our predictions regarding the relationships
among u;,, ¢, and line types, we calculate the specified
R and T of ENZ Fano resonance. We categorize them into
two scenarios. First, when the y;,, and ¢ factors are finite
values (corresponding to the ¢ = —1, 0, and 1 cases), the
wavelength in ENZ media approaches infinity, enabling the
dielectric resonance to extend across the entire ENZ media.
At this time, consistent with the concept of photonic doping
[19], the ENZ host together with the dielectric rod can be
treated as homogeneous ENZ media with effective per-
meability p. (see Supplemental Material [44] note 4):

B Ag 2 [Ji(kgra)
Hetr = Hn + |:J0(kdrd) Hn |-

A kdr d
where kg is the wave vector in the dielectric rod and
satisfies k3 = w’eq/c?. Second, when both u, and ¢

(6)

approach infinity, the wavelength in ENZ media reverts
to finite values; thus, Eq. (6) cannot be used. An F-P mode
is established, and T(w) can be calculated according to
Eq. (2). Here, [ represents the propagation length and
indicates the distance of the path along which electromag-
netic waves propagate from one port to another (see
Supplemental Material [44] note 5). From a physical
perspective, when the ¢ factor approaches infinity, the
slowly changing phase distribution becomes intense,
thereby breaking the weak coupling.

The area of ENZ media is set to a subwavelength size of
Ay = 0.41% (where 4, is the wavelength in free space), and
the calculated transmission amplitudes are shown in
Fig. 2(c). For comparison, simulations are provided in
Fig. 2(d). When p, and ¢ approach infinity, both the
calculated and simulated amplitudes indicate symmetric
Lorentz-shaped spectral lines. When p, = —1 or 1, the
calculated and simulated results show asymmetric Fano-
shaped spectral lines. When the y;, and ¢ factors are equal
to zero, the calculated and simulated results indicate quasi-
Lorentz spectral lines. The magnetic field distributions out-
of-plane at frequencies f| ~ f5 in Fig. 2(d) are also shown
in Fig. 2(e). Observations indicate that when y;, and ¢
approach infinity, the magnetic fields in ENZ media satisfy
a half-wavelength distribution; this corresponds to the first
order of the F-P mode. In contrast, in cases where y;, = —1,
0, and 1, the magnetic fields within cylindrical dielectric
rods indicate Bessel modes. These behaviors align with
predictions from ENZ Fano resonance [4]. In summary, by
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FIG. 3. Background relative permeability of waveguide ENZ
media assisted by the F-P mode and experimental verification of
ENZ Fano resonance. (a) 3D configuration of the F-P mode
waveguide. The cross-section of the waveguide displays the
equivalent transverse electromagnetic wave. The half-wavelength
magnetic distribution in the z direction is also presented.
(b) Changes in the calculated transmission amplitude, &,, and
u, with frequency in (a). (c),(d), and (e) Experimental results of
both transmission amplitudes and phases (after calibration) in the
cases where ¢ = 1, 0, and —1.

establishing weak coupling between the dielectric reso-
nance and ENZ states, we achieve ENZ Fano resonance.

3D configurations—To attain ENZ Fano resonance in 3D
configurations, materials with a permittivity near zero
and an adjustable permeability are needed; and these
material cannot be found in natural materials. One
approach involves combining waveguide-emulated plas-
monics [39,40] with a Drude or Lorentzian dispersive
material (see Supplemental Material [44] note 6).
However, the efficiency is strongly limited due to great
losses in plasmonics [47]. Here, we introduce an approach
to adjust the permeability in waveguide-emulated plas-
monics assisted by the F-P mode.

The F-P mode is established when standing wave
distributions with integer multiples of half-wavelengths
are formed between two metallic boundaries along the
propagation direction [48]. As illustrated in Fig. 3(a), the
central cross section of the waveguide (cyan dotted line)
filled with air excited by the transverse electric (TE) 10
mode possesses an actual relative permeability of u, = 1
and a background relative permittivity as follows:

e, = 1 —c*n? )’ d>. (7)

The ideal ENZ frequency w, = cx/d, results in g, equal
to zero and a uniform magnetic field in the same direction.
However, when o is greater than @y, €, becomes a small
positive value and causes a slow variation in the magnetic
field. A half-wavelength distribution is established, as
depicted in Fig. 3(a). The waveguide excited by the
TE;, mode without a dielectric rod can be observed as
background ENZ media, whose relative permeability is

defined as follows [43] (see Supplemental Material [44]
note 8):

_2-2/T(w)—iT(w)(1 —C2ﬂ2/w2d2)wl/(c\/z‘;)
o= (1=c*z* /o’ d®)(wl/c)* +i/Eyol/c

(8)

where [ is the propagation length and ¢, is the normalized
relative permittivity of the transmitting and receiving ports.
The calculation of a waveguide with a length of 1.54,, (4, is
the wavelength of the EM wave with @, in free space) is
shown in Fig. 3(b). The results indicate a maximum trans-
mission amplitude at wpp = 1.052w,, with & = 0.096
and u, = 0. For frequencies below wgp, py, is positive.
Conversely, when the frequency exceeds wg.p, u;, becomes
negative. This proposed approach allows for an adjustable
up in Eq. (5) while ensuring low loss in ENZ media for the
first time. Therefore, to achieve ENZ Fano resonance in this
waveguide, we can adjust the propagation length of the
waveguide, thereby adjusting the py,.

The detailed description of the experiment is provided in
Supplemental Material [44] note 9. The measured trans-
mission amplitudes and phases are shown in Figs. 3(c),3(d),
and 3(e). In Fig. 3(c), the spectrum shows a Fano line type,
as predicted in the y, = 1 case. In Fig. 3(d), the spectrum
provides a quasi-Lorentz line type, as predicted in the
1, = 0 case. In Fig. 3(e), the spectrum shows the other
Fano line type, as predicted in the p, = —1 case. All
transmitted phase results demonstrate a z-phase shift at the
dielectric resonant frequency; this shift corresponds to
discrete resonance in the Fano resonance. All of the above
results are consistent with the theoretical predictions.
Another experiment at different frequencies is also dem-
onstrated in Supplemental Material [44] note 10, and the
results further validate the theoretical predictions. The
transmission efficiency in Fig. 3 is approximately 60%;
this result is attributed to strong resonance within the
dielectric rod. To solve this issue, we can use an all-
metallic design [37] or change the mode [16] of the
dielectric rod. Additionally, we demonstrate the simulation
results of ENZ Fano resonance at 100 and 400 THz in
Supplemental Material [44] note 11. The results demon-
strate that the devices are still functional at 100 THz. In
summary, assisted by the F-P mode and waveguide-
emulated plasmonics, we experimentally validate the
ENZ Fano resonance in 3D configurations, and these
configurations have potential applications for devices
ranging from the microwave to midinfrared band.

Dispersion synthesis application—To demonstrate the
potential of enabling photonic devices with dispersion
modulation based on ENZ Fano resonance, two nontrivial
filters with distinctive dispersive spectra are presented in
this section. First, we introduce an EIT filter, whose
spectrum shows a narrow bandpass (bandstop) feature in
a bandstop (bandpass) filter. This filter attains narrow band
filtering with frequency-selective characteristics [41,49].
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FIG. 4. Applications of dispersion synthesis assisted by Fano
resonances in ENZ media. (a) 3D configuration of an electro-
magnetically induced transparent (EIT) filter. (b) Numerical
simulation results in (a). (c) 3D configuration of a rectangular
pulse filter. (d) Numerical simulation results in (b).

The configuration of the EIT filter, shown in Fig. 4(a),
features an irregular shape resembling the letter “W” and
has a volume of 0.92 x 0.72 x 0.5/13 [see Fig. S10(a) [44]].
This design highlights the advantages of both geometric
independence and subwavelength characteristics. We
choose a narrower F-P mode to serve as the continuum
oscillator, with a discrete oscillator. As demonstrated in
Fig. 4(b), by combining these two oscillators, we obtain a
simulated EIT filter with a featured spectral line; this is
shown as a dip in the center of a peak. Second, we introduce
a rectangular pulse filter whose spectrum demonstrates an
ultranarrow bandpass filter with excellent roll-off character-
istics; this filter has significant potential in communication
applications [50-53]. The configuration of the rectangular
pulse filter is displayed in Fig. 4(c). Assisted by the ENZ
Fano resonance, we can cascade two F-P cavities modu-
lated by dielectric rods, resulting in two F-P modes and two
resonant modes. The transmission amplitude is a bandpass
spectrum, as shown in Fig. 4(d) (see Fig. S11 [44] for other
designs). Compared with other methods [52], the rectan-
gular pulse filter shows nearly the best function at the
subwavelength scale, highlighting the potential of appli-
cations based on ENZ Fano resonance.

Discussion—In this research, we introduce the concept
of Fano resonance in ENZ media. By establishing a weak
coupling between the continuum ENZ oscillator and a
discrete dielectric oscillator, we achieve dispersive modu-
lation of light. The ENZ Fano resonance has two distinct
advantages. First, by adjusting the background relative
permeability of ENZ media, we can reasonably adjust the
Fano parameter ¢g in various cases. Consequently, the

transmission amplitude exhibits various spectral line shapes
and covers the entire range of morphologies of the Fano
resonances. Second, inheriting the exotic characteristics of
the ENZ media, ENZ Fano resonance introduces geometry
independence and subwavelength features. Thus, ENZ
Fano resonance can be integrated into photonic devices.
We present a theoretical framework to describe ENZ Fano
resonance. Using waveguide-emulated plasmonics, we
experimentally achieve adjustable permeability in ENZ
waveguides, thereby validating the three dispersive spectra
of ENZ Fano resonance. By exploiting the ENZ Fano
resonance, flexible dispersive synthesis is attained and
involves two sophisticated filters with arbitrary shapes
and extremely small volumes. Our work has significant
impacts on potential EM metamaterials and photonic
devices, such as lasers, all-optical switches, and on-chip
Sensors.
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