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Fano resonance exhibiting an asymmetric spectral line shape is a universal phenomenon observed in diverse
physical systems. Here we experimentally establish a direct link between the spectral asymmetry parameter q
and a physically realizable phase factor of interference between a continuum and a discrete mode that leads to
Fano resonance. We demonstrate control on the spectral asymmetry of the Fano resonance through changes in
the geometric phase of polarized light using a specially designed metasurface, namely waveguided plasmonic
crystal with a spatially varying orientation axis of the plasmonic grating. In this scenario, the changes in the
geometric phase for input left and right circular polarized light arise due to varying orientation angle of the
grating axis. The systematic changes in the geometric phase and the resulting q parameter of Fano resonance are
interpreted by an appropriate theoretical model connecting the two physical entities. The demonstrated control
over the spectral line shape of Fano resonance achieved by tailoring geometric phase may open up routes for
polarization-based photonic applications.
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I. INTRODUCTION

Fano resonance is a ubiquitous interference phenomenon
observed in a wide range of physical system including atomic,
molecular, nuclear, solid state, as well as in classical optical
systems [1–9]. In contrast to the conventional symmetric
Lorentzian resonance profile, the Fano resonance is uniquely
identified in the spectral line shape as an asymmetric spectral
profile where an intensity maximum is immediately followed
by an intensity minimum due to destructive interference. The
spectral asymmetricity emerges due to interference between a
continuum mode and a discrete mode, which can be character-
ized by the asymmetry parameter q [1]. In the optical domain,
the asymmetric Fano resonance has been intensively studied
not only due to the fundamental interests but also because
of its numerous potential applications in sensing, switching,
lasing, filters, robust color display, nonlinear and slow-light
devices, and so forth [10–21]. In most of the mentioned
applications, the ability to control and tune the interference
effect with some external parameters is crucial. In the quest
of making a suitable structure for a particular application
and having high-quality factor resonances in different spectral
domains [22–24], various types of metal-dielectric structures
like plasmonic oligomers, dolmen, bowtie, split rings, waveg-
uided plasmonic crystal, etc. have been proposed to observe
the optical Fano resonances in the scattering or absorption
profile [6,9–28].

Despite the availability of voluminous literature on
the application aspects of Fano resonance in optical sys-
tems, there remain considerable interests in understanding
the fundamental nature of this intriguing wave interfer-
ence phenomenon through some physically meaningful and
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experimentally accessible parameters [7,28]. On conceptual
and practical grounds such studies are extremely valuable
since these not only provide insights and interpretation of the
Fano resonance phenomenon, but may also open up novel
routes to control and modulate the interference effect and the
resulting asymmetric Fano resonance [7,28]. In this regard, we
have recently proposed a simple phenomenological model for
the electric field scattered from a Fano resonant system and
related the spectral asymmetry of the resonance profile (or the
q parameter) with a physical parameter: namely, Fano phase
shift between the continuum and the discrete mode [28]. Here,
we show that the Fano phase shift between the continuum and
the discrete mode is indeed a physically meaningful phase
factor of light and that this phase factor can be controlled to
modulate the Fano q parameter by controlling some degree of
freedom of light. We demonstrate this concept in a spatially
tailored waveguided plasmonic crystal sample that exhibits
Fano resonance due to the spectral interference of a spectrally
broad plasmon mode and a narrow waveguide mode. In this
particular scenario, the Fano phase factor and the resulting
spectral asymmetry parameter is directly related to the Pan-
charatnam Berry geometric phase of light [29–39], which is
systematically changed by varying the orientation axis of the
gold grating in the waveguided plasmonic crystal sample. The
polarization degree of freedom of light, specifically opposite
circular polarization states of light, is subsequently used to
probe systematic changes in the Fano spectral line shape of
the scattered light as the signature of varying Fano phase shift.
The corresponding experimental results are interpreted using a
suitable theoretical model, which establishes the link between
the Fano phase shift (which is related to geometric phase here)
and the asymmetry parameter (q) of Fano resonance. These
results uncover an intriguing link between the Fano q param-
eter and a physically accessible phase of interference and also
open up an interesting avenue for control and manipulation
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of optical Fano resonance through a geometrical phase and
polarization state of light.

II. THEORY

We first develop a theoretical model that connects the
Fano asymmetry parameter q to an additional polarization-
dependent geometric phase factor that may arise in an inho-
mogeneous anisotropic Fano resonant system [29–39]. In the
general case, the scattered electric field from a Fano resonant
system can be written as the interference of a discrete complex
Lorentzian with a continuum of amplitude B(ω) [28]

Es ≈ q − i

ε + i
+ B(ω) =

√
q2 + 1

ε + i
eiψ f + B(ω). (1)

Here,ε = ε(ω) = ω−ω0
γ /2 , ω0 and γ are the central frequency

and the width of the discrete mode, respectively, and
ψ f is called the Fano phase factor. Assuming frequency-
independent continuum mode, the scattered intensity corre-
sponding to Eq. (1) can be shown to have a spectral intensity
component that exhibits a characteristic asymmetric spectral
line shape along with a Lorentzian background as [28]

Is = |Es|2 = (q + Bε)2

ε2 + 1
+ (1 − B)2

ε2 + 1
. (2)

If one of the two modes (either discrete or the continuum)
has a phase contribution of geometrical origin, the electric
field scattered from the mode acquires a geometrical phase
(σφg = ±φg) shift for incident LCP or RCP light [30,31,33],
depending on the helicity (σ , “±” is for left or right circular
polarization) of the light incident on the Fano resonant scatter-
ing system. The origin of this geometrical phase is due to the
geometrical orientation of the scattering system with respect
to incident polarized light. The scattered electric field from
such a Fano resonant system can be written as

ES ≈
√

q2 + 1eiψ f

ε + i
+ Be±iφg. (3)

The interference effect gets modulated by the additional ge-
ometric phases acquired by the particular mode. The corre-
sponding spectral variation of the intensity for incident LCP
or RCP light can be written as

ILCP or RCP
S (ω, φg) = [Bε + (q cos φg ∓ sin φg)]2

ε2 + 1

+ [(cos φg ± q sin φg) − B]2

ε2 + 1
. (4)

As evident from Eqs. (3) and (4), the geometric phase of
light can modulate the Fano phase shift ψ f or the resulting
asymmetry parameter (q). The difference in the geometrical
phase between left and right circular polarization thus leads
to a contrast in the scattering spectral line shape for the two
polarizations.

III. RESULTS AND EXPERIMENT

In order to probe the circular polarization dependence of
the Fano line shape, we took a one-dimensional waveguided

FIG. 1. Schematic of waveguided plasmonic grating crystal. A
gold grating of 100 nm width and 20 nm height on top of a
140-nm-thick ITO-coated quartz substrate was taken for the FEM-
based COMSOL MULTIPHYSICS simulation. The extinction spectra
were studied for light incident at an inclined angle of incidence
(θ = 16◦) with varying azimuthal angle (φ) of incidence from 0◦ to
90◦ (in steps of 15◦).

plasmonic crystal, a well-studied optical system for the Fano
resonance in the extinction spectra [6,9,25,26]. It consists of
twofold symmetric one-dimensional gold grating deposited
on a thin indium tin oxide (ITO)-coated quartz substrate
as shown in Fig. 1. The Fano resonance in such system is
observed as a result of interference between a broad dipolar
plasmonic resonance of the gold grating and the waveguide
mode excited in the ITO layer [6,9,25,26]. It is to be noted that
the waveguided plasmonic grating also acts as a diattenuating
linear retarder for the electric field incident on the system,
showing a simultaneous differential and anisotropic amplitude
as well as the phase response for the eigen polarization states
[30], as shown later. The orientation axis of the decomposed
linear diattenuator and linear phase retarder elements present
in the system is decided by the direction of the grating lines
and the incident light.

The extinction spectra (defined as extinction = 1 −
transmission) of a grating (height 20 nm, width 100 nm, and
period 450 nm) were calculated at an inclined angle (θ = 16◦)
with varying the azimuthal angle (φ) of incidence from 0◦ to
90◦ in steps of 15◦, using finite element method (FEM)-based
COMSOL MULTIPHYSICS software. The extinction spectra were
observed for both the circular polarized input states (i.e., LCP
and RCP) with scattered field projected on the input as well
as the orthogonal state of circular polarization as shown in
Fig. 2. It can be noted from the figure that for an inclined
angle of incidence, a differential response of the system for
incident LCP or RCP polarizations projected on RCP or LCP
polarizations of the transmitted light was observed in the
Fano line shape. The origin of such differential response is
solely geometric in nature and depends on the orientation
angles of the axes of the diattenuating linear retarder (the
waveguided plasmonic grating) with the direction of incidence
of light giving rise to a geometric phase shift between the plas-
monic grating and the waveguide mode. The Fano line shapes
were fitted using Eq. (2), and the asymmetry parameter of
the resonance was extracted for both polarization projections
shown in Fig. 2(b). A clear difference in the asymmetry
of the resonances in both polarization was observed for the
azimuthal angle of incidence other than 0◦ and 90◦. In order
to quantify such polarization projection dependent asymmetry
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FIG. 2. Dependence of extinction spectra on the azimuthal angle
of incidence (φ) of a left or right circular polarized light on the
grating. (a) Numerically calculated extinction spectra of the grating
at inclined angle of incidence (θ = 16◦) with varying azimuthal
angle of incidence (φ) from 0◦ to 90◦ in steps of 15◦ for (a) cross-
polarized projections (input RCP polarization projected on LCP
and input LCP polarization projected on RCP) and (c) co-polarized
projections (input RCP polarization projected on RCP and input LCP
polarization on LCP) are shown. The Fano line shape was fitted
using Eq. (2) and the asymmetry parameter q (left axis) obtained
with varying azimuthal angle is shown for both (b) cross-polarized
projections and (d) copolarized projections; a dependence of 	qgeo.

(right axis) with the azimuthal angle (φ) is also shown. The findings
establish the role of geometric phase on the asymmetry in the
extinction spectra.

of the resonance, we defined 	qgeo. given as

	qgeo. = abs

(
q1 − q2

q1 + q2

)
. (5)

Here, q1 and q2 are the q values observed for the two circular
polarization projections which are being compared. Note that
	qgeo. depends on the geometry (geometrical orientation)
of the anisotropic scattering system as shown in Fig. 2(b).
Such dependence of asymmetry of Fano line shape on the
azimuthal angle of incidence is a signature of the effect of
the geometric phase of light on the Fano line shape with a
maximum difference in the asymmetry parameter at φ = 45◦
and no difference for φ = 0◦ and 90◦. It is well known that
right and left circularly polarized light acquires equal and

opposite Pancharatnam Berry geometric phases while propa-
gating through an anisotropic medium (phase retarder having
linear retardance δ), the magnitude of which depends upon
the orientation angle (β ) of the anisotropy axis of the medium
[30,31,33–35]. It has been argued that the geometric phase in
such case should be reflected in the crossed circular polariza-
tion component of the transmitted light. Such arguments stem
from empirically decomposing the Jones matrix of a phase
retarder as a coherent sum of the Jones matrices of a half-wave
retarder (δ = π ) and an identity matrix [35]. However, we
would like to note that such decomposition is strictly valid for
a half-wave retarder only. On the other hand, for an arbitrary
linear retarder (with retardance δ �= π ) or diattenuating linear
retarder, the dependence of the geometric phase on the orien-
tation angle of the axis of the retarder [32], and the projection
polarization state is rather complex [32,36–39].

The Jones matrix of a diattenuating retarder J = JRJD can
be written as a product of the Jones matrix of a diattenuator
(JD) and a retarder (JR). In case of the waveguided plasmonic
grating, the diattenuation primarily arises because of the
differential amplitude response of the waveguiding layer
whereas the retardance originates due to differential phase
response of the plasmonic grating for the eigen polarization
states. In such scenario, the axis (eigenvectors) of the polar-
ization diattenuator is determined by the angle of inclination
of the incident light with respect to the waveguide layer,
whereas the axis of retarder is determined by the orientation
angle of grating with the incident light. In such case the
Jones matrix of system becomes inhomogeneous, i.e., have
nonorthogonal eigenvectors (Eg and Eh, with eigenvalues μg

and μh, respectively) and the total phase difference between
the input (Ea) and output (Eb = JEa) can be given as [36,37]


 = arg

[
μg + μh + (μg − μh)

Eg.(�3(�.Sα)Eh)

Eg.(�3Eh)

]
. (6)

Here, (� = �1,�2,�3) denotes the three Pauli matrices and
Sa denotes the normalized Stokes vector of input state. In
the above formulation [Eq. (6)] of the Jones matrix of the
diattenuating retarder system there is no total dynamical phase
acquired as arg(det(J )) = 0 [36,37]. Thus, the total phase ac-
quired by the system is solely geometrical in nature (φg = 
).
Using the above equation it can be shown that even in a sim-
ple diattenuating retarder system, there is a geometric phase
difference acquired between incident RCP or LCP (Ea =
[1 ±i]) polarization states and the transmitted elliptical po-
larized light (Eb) for varying orientation axis of the retarder
(see Supplemental Material) [36,37,40]. In such scenario, pro-
jection of the elliptical state coming out of the diattenuating
retarder system to a different polarization states leads to ac-
quisition of different geometrical phases. Thus an orientation
angle (of the axis of the retarder) dependent geometric phase
is obtained from the anisotropic system which gets reflected in
the cross- as well as cocircularly polarized component of the
light transmitted from the system [32,36,37]. In Fig. 2(c), we
have shown the extinction cross section from the sample for
incident LCP or RCP polarization with the light transmitted
from the sample being projected on the same polarization,
i.e., LCP or RCP. It can be noted from the figure that the
system shows a differential response for the two polarization
projections similar to the earlier case. These results clearly
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FIG. 3. Geometric phase-controlled tuning of extinction spectra for spatially tailored waveguided plasmonic crystals. (a) Schematic of a
dark-field microscope integrated with a polarization state generator and polarization state analyzer units. The inset shows the dark-field images
of the plasmonic grating for orientation angles of 0°, 45°, and 90°, respectively, and the SEM image of the spatially tailored waveguided
plasmonic crystals. (b)–(d) The corresponding spectral response for the copolarized projections of the plasmonic grating system oriented
at angles of 0°, 45°, and 90° are shown, respectively. The dependence of the asymmetry parameter q (left axis, blue lines) with the grating
orientation angle for (e) the copolarized projections (LCP projected on LCP, and RCP projected on RCP) and (f) the cross-polarized projections
(LCP projected on RCP, and RCP projected on LCP) are shown; a dependence of 	qgeo. (right axis) with the orientation is also shown. The
dependence of the asymmetry of resonance on the geometrical orientation of the plasmonic grating clearly shows the role of the geometric
phase of light in tuning the Fano phase. (g) The trajectory of polarization evolution on Poincaré sphere for different orientation of the angle
(β = 0◦, 22.5◦, 45◦, and 90◦) of the grating axis (with retardance δ ≈ 0.30 rad and diattenuation d ≈ 0.25); the points A, B, C, and D on
Poincaré sphere represent the elliptical state after pass through the diattenuating retarder for different orientation of the retarder axis.

illustrate that indeed a geometrical phase is acquired even in
the copolarized polarization projections [32,36,37]. In what
follows, we experimentally demonstrate that the geometric
phase can indeed be used for tuning the asymmetry of Fano
line shape of spatially tailored waveguided plasmonic crystals
having a spatially varying axis of the gratings.

In Fig. 3(a), we have shown a schematic of our exper-
imental setup. A dark-field microscope integrated with a
polarization-state generator (PSG) unit and a polarization-
state analyzer (PSA) unit. The PSG unit consists of a polarizer
(P1) followed by a quarter-wave plate (Q1) to generate an
arbitrary state of polarization, and these elements are arranged
in reverse order in the PSA unit to analyze an arbitrary state
of polarization. The annular illumination of the dark-field
microscope [27,28,41] was used to record the scattered-field
spectral response from the spatially tailored waveguided
plasmonic crystals [shown in scanning electron microscope

(SEM) image] for grating orientated at a particular orienta-
tion (shown in the dark-field images). The spatially tailored
waveguided plasmonic crystal consist of 10-µm × 10-µm gold
gratings of height 22 nm, width 80 nm, and a period 550 nm
deposited on top of 190-nm-thick ITO coated quartz substrate.
The separation between the individual gratings was kept
20 μm in x and y directions to avoid any overlap (as shown
in the schematic), with a desirably varying orientation angles
of the plasmonic gratings axis (as shown in the schematic).
For the microscopic polarization investigation, a nanotransla-
tion stage was used to move the sample in the illumination
focal plane of the microscope such that only a small region of
the plasmonic crystal gets illuminated by the light [as shown
in the inset dark-field images in Fig. 3(a)].

Regions with different orientation angles of the axis of the
plasmonic grating were experimentally studied by illuminat-
ing and collecting from different regions of the grating using a
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FIG. 4. Polarization parameters linear diattenuation (d) and lin-
ear retardance (δ) extracted from the Mueller matrix of a waveguided
plasmonic grating crystal. (a) Diattenuation (d) parameter showing
small-amplitude anisotropy (d ≈ 0.25) and (b) linear retardation (δ)
parameter showing small-phase anisotropy (δ ≈ 0.3) of the waveg-
uided plasmonic grating.

nanotranslation stage with a fixed incident light. This enabled
collection of scattered light intensity separately from various
different orientation angle regions of the grating. It can be
noted from the inset dark-field images that the light can be
focused such that we get scattering from grating oriented at a
particular angle and the annular illumination in the dark-field
microscopic configuration leads to an inclined illumination of
the waveguided plasmonic grating sample as opposed to exact
normal illumination [27,28,41]. The situation is analogous to
the case when light with varying azimuthal angle is incident
on the waveguided plasmonic grating with the orientation
axis of the plasmonic grating fixed as shown in simulations.
The field scattered from the illuminated portion is collected
through a spectrometer after passing through the PSA unit.
The PSA and PSG units were used to record the scattering
spectra for both circular polarization input as well as output
combinations with different orientation angles of the grating
as shown in Fig. 3. It can be noted from the figure that a
significant amount of change in the asymmetry parameter (q)
of line shape (obtained by fitting the spectrum with Eq. (2))
is observed with different orientation angles (β ) of grating
for both co- and cross-polarized polarization projections as
shown in Figs. 3(e) and 3(f). The variation of 	qgeo. parameter
with the orientation angle (β ) of the grating shows that the
geometric phase of light indeed modulates the asymmetry
of the Fano resonance line shape. In Fig. 3(g), we show
the expected trajectory of the polarization state of light on
the Poincaré sphere when incident right circularly polarized
light passes through the diattenuating retarder system and is
subsequently projected to the same right circular polarization
state. The results are shown for four different orientation
angles of the retarder axis (β) and a fixed diattenuator axis (see
Supplemental Material [40]). For simulating this trajectory
the diattenuation (d ≈ 0.25) and the retardance (δ ≈ 0.30)
polarization parameters were taken that are close to our
experimental values of these polarization parameters for the
waveguided plasmonic crystal sample (shown subsequently
in Fig. 4). Clearly, the path of the polarization evolution
(area enclosed) changes with varying orientation angle of
the grating, demonstrating evolution of different geometrical
phases even for copolarized projections [32,36,37].

We recorded the full polarization response of the grating
for one such axial orientation in the form of the Mueller

matrix of the waveguided grating sample (see Supplemental
Material [40]). The recorded Mueller matrix was used to
extract the linear diattenuation (d ) and linear retardance (δ)
parameters of the grating shown in Fig. 4. It can be noted
from the figure that the plasmonic grating system indeed acts
as a diattenuating retarder with a small phase retardance value
(δ ≈ 0.30 rad) and a small linear diattenuation (d ≈ 0.25) in
scattering from the system.

IV. DISCUSSION

It is well known that the Panchratnam Berry geometric
phase acquired by circularly (or elliptically) polarized light
while propagating through an anisotropic medium exhibiting
linear retardance effect depends upon the orientation angle of
the axis of retarder [30–35]. In the simplest case of a pure
half-wave retarder (δ = π ), the acquired geometric phase φg

has a rather simple dependence on the orientation angle φg =
2σβ [30,31,33–35]. As previously discussed, in such case,
empirically it has been shown that the resulting geometrical
phase gets accumulated in the cross-polarized component of
incident circular polarized light [30–35]. However, the situa-
tion can be complex for arbitrary diattenuating retarder (δ �=
π, d �= 0), as evident from the results presented in Figs. 2
and 3. In such case, the polarization evolution follows a trajec-
tory on the Poincaré sphere which depends on the orientation
axis of diattenuator and retarder elements as well as their
strengths [as shown Fig. 3(g)] [32,36–39]. Nevertheless, the
geometric phase acquired by left or right circularly polarized
light while propagating through an arbitrary diattenuating
retarder system depends upon the orientation angle of the
anisotropy axes. Thus, despite the ensuing complexities on the
dependence of the geometric phase on the orientation angle,
the results presented in Figs. 2 and 3 clearly demonstrate that
the spectral asymmetry of Fano resonance in our diattenuating
retarder system of waveguided plasmonic crystal is related to
the geometric phase of light that evolves due to the interaction
of polarized light with such system. These results validate the
physical nature of the phase shift of Fano interference and its
connection with the spectral asymmetry of Fano resonance.
It also demonstrates that the polarization-tuned geometrical
phase of light can be used to modulate the spectral line shape
of Fano resonance in an appropriately designed anisotropic
Fano resonant system.

V. CONCLUSION

In conclusion, we have demonstrated a fundamentally in-
teresting concept associated with Fano resonance by establish-
ing and demonstrating a relationship between the Fano spec-
tral asymmetry parameter q and a physical phase shift of Fano
interference between a continuum and a narrow resonance
mode. Using geometric phase metasurface of waveguided
plasmonic crystal, we have experimentally demonstrated con-
trol over this phase shift and the resulting asymmetry of Fano
spectral line shape through a polarization-tuned geometrical
phase of light. The experimental results are supported further
by the results of FEM-based COMSOL simulations. In the
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process, the results of these studies also uncover insights on
the dependence of geometric phase of light on the orientation
angle of anisotropy axis of arbitrary diattenuating retarder and
the projection polarization state of light. The finding can open
up discussions to study such dependence. The results reveal
that the Fano q parameter can be controlled by a physically
accessible phase of interference; the findings illustrate that the
geometrical phase and polarization state of light can be used
as an additional degree of freedom to control and manipulate
the Fano resonance
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