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Abstract: We show that coherent interaction between two sets of multiple resonances leads to
exotic resonant effects, such as Fano-type resonances, optical analogue of electro-magnetically
induced transparency, and avoided crossing between modes, under different coupling regimes.
We experimentally demonstrate such resonant effects in a photonic crystal nanofiber cavity
using two sets of cavity modes with orthogonal polarizations. The interaction between the
modes arises due to intra-cavity polarization mixing. The observed line shapes are reproduced
using a multiple-mode interaction model. Such spectral characteristics may further enhance the
capabilities of the nanofiber cavity as a fiber-in-line platform for nanophotonics and quantum
photonics applications.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Coherent interaction of resonances has been a fundamental area of interest and has enabled
new ways to control light and matter. Exotic resonant effects such as Fano-type resonances,
electro-magnetically induced transparency (EIT) and avoided crossing phenomena have been
extensively investigated in atomic and molecular systems for several decades. In recent years,
photonic analogue of such resonant effects has gained a broader attention. Fano-type resonances
in various nanophotonic structures [1-6] have been demonstrated. Along with Fano-type
resonances, other resonant effects such as avoided crossing and photonic analogue of EIT in
various nanophotonic systems have been a hot topic of photonics research for a decade [7-9]. In
particular, the sharp and narrow spectral features of such resonances have opened innovative
prospects for applications like sensing [10-12], slow-light generation [13], nanolasers [14] and
all-optical switching [15, 16].

Recently, Limonov ef al. [2] have reviewed all such exotic effects in photonic structures and
have shown that all the different effects can be easily explained as special cases of a two-mode
interference model. Using this approach, interaction of single cavity mode with another single
cavity mode or continuum (infinitely broad cavity mode) can be explained. However, for a cavity
with multiple resonances, such an approach is only valid when the width of the resonances are
much smaller than the free spectral range (FSR) of the cavity. In this context, extension of
the model to explain the interaction of two sets of multiple resonances will be a more general
approach and will be essential for various photonic systems [17, 18].

In recent years, tapered optical fibers with subwavelength diameter waist, known as optical
nanofibers, have been a promising platform for nanophotonics [19,20] and quantum photonics
[21,22]. The key features of the technique, are the strong field confinement [22] and efficient
interaction with the surrounding medium [23] in a fiber-in-line platform. Moreover, the complex
polarization properties of the nanofiber guided modes have led to the demonstration of chiral light-
matter interactions [24]. The capabilities of the nanofiber technique can be further enhanced by
implementing resonant photonic effects. In this context, high quality nanofiber cavities have been
realized by inscribing photonic crystal (PhC) structures on an optical nanofiber using femtosecond
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laser ablation technique [25-28]. Such nanofiber cavities have opened unique prospects for cavity
quantum electrodynamics (cQED) and quantum photonics applications [26,28].

One key feature of these PhC structures is that periodic array of nanocraters are formed on one
side of the nanofiber, breaking the cylindrical symmetry of the nanofiber. As a result, these PhC
structures are highly birefringent and have polarization dependent reflection bands leading to two
orthogonal sets of polarization modes for the nanofiber cavity.

In this article, we demonstrate that exotic resonant effects such as Fano-type resonances,
optical analogue of EIT and avoided crossing between modes, can be realized in a PhC nanofiber
cavity by exploiting its polarization properties. We show that such spectral features originate
due to the coherent interaction between two sets of cavity modes with orthogonal polarizations.
Such interaction arises due to the intra-cavity polarization mixing. The observed line shapes are
reproduced using a multiple-mode interference model under different coupling regimes. Such
spectral characteristics combined with the capabilities of a nanofiber cavity, may open new
avenues for nanophotonics and quantum photonics applications.

The article is organized as follows. In Section 2, we formulate the reflection and transmission
coefficients of a cavity using a multiple-mode interference model. In Section 3, we present the
experimental system, observations and analyze the observations using the model discussed in
Section 2. In Section 4, we present the mechanism of polarization mixing. In Section 5, we
present a brief discussion on the obtained results. Section 6 presents the summary and outlook of
the work.
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Fig. 1. (a) Schematic diagram of the PhC nanofiber cavity. The inset shows the SEM image
of a typical section of the PhC nanofiber. (b) The SEM image showing the cross-sectional
view of the PhC structure at a nanocrater position. (c) The transmission spectra of the
nanofiber sample after the fabrication of the first (black traces) and second (blue traces) PhC,
measured for Y-pol (upper panel) and X-pol (lower panel). (d) The expanded transmission
(blue traces) and reflection (red traces) spectra of the nanofiber cavity for the X-pol, measured
at four different regions (i), (ii), (iii) and (iv) marked by the dashed boxes in the lower panel
of (c). The inset of panel (i) shows a single mode in region (i).

2. Theoretical model

In order to understand the coupling of the modes in a cavity, we adopt a multiple-mode interference
model. We consider two sets of cavity modes having orthogonal polarizations, X- and Y-pol. c%
and c;l represent the cavity field amplitudes of the p™* and ¢ modes of the X- and Y-pol cavities,
respectively. The cavity modes c§ and c;’ can be independently excited using the input fields



Research Article

Optics EXPRESS

al" and a}* and can decay out with a rate determined by the linewidths % and «y, respectively.
We assume that in a finite spectral region, the decay rates of all X- and Y-pol modes are equal
and are given as k. and «y, respectively. It should be noted that «, and «, are the total decay
rates and are given by k, = k¢ + ch gnd Ky = Ky + Ky Ky = Ky + k7 and &5 = &, + & are the
total out-coupling rates where (k. ky) and («7, y) are the out-coupling rates of the input and
output mirrors, respectively. «y and «y are the loss rates due to scattering, for the respective
cavity modes. By introducing a coherent interaction between the two sets of cavity modes, each
cavity mode in one set, interferes and exchanges energy with the other set of cavity modes at a
rate defined by the interaction strength g. The temporal dynamics of the field amplitudes can be

represented by the coupled-mode equations as follows [17, 18]

dc? .
% = —%xcx — ALl + (Jkidl —igey (1)
del K -
et >

where A2 and Ag are the detunings of the corresponding modes from the excitation laser frequency,
respectively. ¢y and ¢y, are the coherent sum of the field amplitudes for X- and Y-pol cavities and
are given as ¢, = Zp(—l)Pcf and ¢, = Zq(—l)qc;i. The coefficients (—1)P and (—1)9 represent
the phase relation between the consecutive modes, i.e. symmetric and anti-symmetric modes.
It should be noted that each set of polarization modes not only interacts with the orthogonal
counterpart, but also with each other via the reservoir dynamics [17, 18].

We denote the output fields in the reflection and transmission side by (a*, a§”’) and
(b3", bo"") for (X-pol,Y-pol), respectively. The input and output fields can be related to the
intra-cavity fields using the following boundary conditions [17, 18],

in out __ i out __ o
al' + a"’ = \[Kicx, b = kicx, 3)

in out _ i out _ o
ay' +ay" = 1/Kycy, bS* = 1/Kycy @)

We solve the coupled-mode equations under the steady-state regime assuming that the
cavity is excited with only X-pol i.e. (a" = 1 and ay" = 0). Then the reflection (ry =
ag" fal,ry = ag*' [ai") and transmission (1, = by [ai, 1, = bJ*' [ai) coefficients for (X-
pol,Y-pol), respectively, can be obtained as
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Lyl "Z (=D 10,
y 4 Al = AY + ¢’FSR,
where A? and Ag are the detunings of the two nearest modes of interest. The FSR, and FSR,
represent the free spectral range for the X- and Y-pol cavities, respectively. n is the number
of modes considered on either sides of the modes of interest. The total intensity transmission
and reflection of the cavity is then given by 7 = |£,| + |£y|> and R = |ry|* + |ry|?, respectively.
Similarly, one can derive the total transmission and reflection for the case when the cavity is
excited with only Y-pol i.e. (a}* = 0 and @} = 1).

It should be noted that the characteristics of the line shapes are mainly determined by the
linewidths of the nearest modes and the detuning between them. However the effect of the other
modes are not negligible when the linewidths of the modes are comparable to the F'SR of the
corresponding cavity. There are mainly two different coupling regimes. One is weak coupling
regime, i.e. when g is smaller than decay rate of one set of the modes (k, > 2g or ky, > 2g) and
the other is strong coupling regime, i.e. when g is larger than the decay rates of both the sets of
modes (ky, kK, < 2g8).

Some peculiar effects occur in the weak coupling regime, when « and «, have different values
producing narrow and broad resonances. When the resonances of the two nearest modes of
orthogonal polarizations have a finite detuning, Agy = Ag - A?C # 0, the phase of the narrower
mode changes by 7 across its resonance while the phase of the broader mode varies slowly. This
leads to formation of constructive and destructive interference on either side of the narrow mode
resonance, resulting in asymmetric line shapes resembling Fano-type line shapes. Under the
same weak coupling regime, when Agy ~ 0, the asymmetry in the line shape vanishes. This
results in the formation of a transmission window in the reflection spectrum, illustrating the
optical analogue of EIT. One extreme case of the weak coupling regime, is when the linewidth
of the broader mode is much bigger than the FSR of the cavity. In this case, the broader
mode effectively acts as a continuum which interferes with the narrow mode with orthogonal
polarization, illustrating the Fano resonance condition.

In the strong coupling regime, i.e. 2g > ky, &y, along with the spectral shapes, the eigenfre-
quencies of the coupled modes are seriously modified. One can derive the eigenfrequencies of
the coupled modes from the steady-state solutions of the coupled mode equations [2]. Assuming
|kx — ky| < g, the modified eigenfrequencies (w.) are given by

A% + AY A% - AY
Wy = "2 >+ ()‘2 22 + g2, (11)

It may be seen from the above equation that when |A9 — A2| > g, the frequency spacing between
the coupled modes is similar to that of the uncoupled modes, |A? — Ag |. However, when the
|AO — Agl ~ 0, the frequency spacing between the coupled modes will be ~ 2g. These spectral
features illustrate the avoided crossing between two strongly coupled modes.

3. Experimental observations

We experimentally demonstrate the above discussed spectral features using a photonic crystal
nanofiber cavity. A schematic diagram of the PhC nanofiber cavity is shown in Fig. 1(a). The
nanofiber is located at the waist of a tapered single mode optical fiber. The typical diameter and
length of the nanofiber waist used for this experiment is 500 nm and 15 mm, respectively. The
nanofiber cavity is formed by fabricating two PhC structures on the optical nanofiber separated
by a length, L = 12 mm. The PhC structures are fabricated using femtosecond laser ablation
technique [25-27]. The inset of Fig. 1(a) shows the scanning electron microscope (SEM) image
of a typical part of the PhC structure. It may be seen that periodic nanocraters are formed on the
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nanofiber. The periodic nanocraters on the nanofiber induce strong modulation of the refractive
index and act as a Bragg reflector for the nanofiber guided modes. We define a coordinate
system as depicted in Fig. 1(a). The Z-axis denotes the nanofiber axis and the X-axis marks the
azimuthal position of the nanocraters on the nanofiber.

A cross-sectional view of the PhC structure at the nanocrater position is shown in Fig. 1(b). It
may be seen that the nanocrater is formed on one side of the nanofiber along the X-axis. As a
result, the cylindrical symmetry of the nanofiber is broken. This will induce a difference between
the effective indices (n.yr) of X- and Y-polarized guided modes. Therefore the PhC nanofiber
can be highly birefringent.

The birefringence of the PhC nanofiber is further clarified from the spectral characteristics.
The transmission and reflection spectra are measured using a tunable, narrow linewidth diode
laser (Newport TLB6700), as in Ref. [28]. The black traces in lower and upper panels in the
Fig. 1(c), show the transmission spectra measured after the fabrication of a single PhC structure,
for two orthogonal polarizations, X- and Y-pol, respectively. It may be seen that wide stop
bands (reflection bands) with a width of 3-4 nm are formed in the transmission spectra of both
polarizations, where the guided light is strongly Bragg reflected. Also it may be clearly seen that
the center of the reflection band for the X-pol is blue-shifted by ~2 nm compared to that for the
Y-pol. This may correspond to an effective index difference (An.ry) of 0.25% between the two
polarizations. Thus the PhC nanofiber is highly birefringent and acts as a polarization dependent
Bragg mirror.

The blue traces in Fig. 1(c), show the transmission spectra for the X- and Y-pol after the
fabrication of the second PhC. It may be seen that the widths of the stop bands increased and
sharp cavity modes appeared. The four panels of Fig. 1(d), show the measured reflection and
transmission spectra for the X-pol at four regions of the stop band marked by the dashed boxes
and denoted as (i), (ii), (iii) and (iv) in the lower panel of Fig. 1(c). As seen from the panel (i) of
Fig. 1(d), equally spaced modes are observed with a frequency spacing of 11 GHz. This spacing
well corresponds to the estimated F'SR (= ¢/(2n.srL)) of the cavity formed between the two
PhC structures, where c is the speed of light and n.ry = 1.14. Usual Lorentzian line shapes are
observed in this region as shown in the inset of panel (i) of Fig. 1(d). The cavity modes are
observed with high quality factors up to 10 million (FWHM = 34 MHz). Such nanofiber cavities
along with the key features of nanofiber technique, such as the strong field confinement [22] and
efficient interaction with the surrounding medium [23] in a fiber-in-line platform, have opened
unique prospects for cQED and quantum photonics applications [26,28].

Apart from the usual cavity modes, some peculiar spectral characteristics are also observed.
In the region (ii), double-mode features are observed within one FSR. In the region (iii), the
cavity is partly transmitting and partly reflecting. The cavity modes show peculiar features
where narrow peaks (dips) appear within broad reflection dips (transmission peaks), respectively.
These spectral features resemble the optical analogue of EIT. In the region (iv), the cavity is
mostly transmitting and the observed cavity modes are inverted, appearing as transmission dips
and reflection peaks. Moreover the line shapes are highly asymmetric resembling Fano-type
resonances.

The spectral features described above can be understood as a result of coupling between the
two sets of polarization modes of the cavity. It may be clearly seen that for the X-pol, the region
(iv) is completely out of the stop band of the first PhC. Therefore, the reflection of the X-pol from
the first PhC is negligible in this spectral region, which discards the possibility for the formation
of narrow cavity modes for the X-pol. However, in this region the Y-pol is still strongly reflected
from both the PhC, which may lead to formation of narrow cavity modes. So the narrow spectral
features observed for the X-pol can only be explained as a result of coupling with the Y-pol
modes. In the preceding section, we analyze the different spectral features using the multi-mode
interference model.
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3.1.  Fano-type resonances
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Fig. 2. Typical spectral line shapes observed in region (iv). (a) and (b) show the reflection
(magenta traces) and transmission (gray traces) spectra measured when the cavity is excited
with Y-pol and the corresponding line shapes when the cavity is excited with X-pol,
respectively. The green (transmission) and cyan (reflection) traces show the fitted curves
using the multiple-mode interference model. The black traces show the fitted curves using
the phenomenological Fano line shape formula for data points within the region marked by
the dashed lines. (c,d) and (e,f) show two more sets of spectra measured in the same region.

As described in the previous section, Fano-type resonances are observed for the X-pol in the
region (iv) as indicated in Fig. 1(c). Figures 2(a) and 2(b) show the line shapes measured in
this region when the cavity is excited with Y-pol and X-pol, respectively. The magenta and
gray traces show the line shapes measured in the reflection and transmission ports of the cavity,
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respectively. It may be clearly seen that for Y-pol (Fig. 2(a)), the cavity is mostly reflecting and
cavity modes appear as reflection dips and transmission peaks with rather symmetric Lorentzian
line shapes. However, when the input polarization is changed to X-pol (Fig. 2(b)), the cavity
is mostly transmitting and cavity modes appear as transmission dips and reflection peaks with
asymmetric line shapes resembling Fano-type resonances. We fit the observed line shapes
using the theoretical model discussed above. Here we consider, both X- and Y-pol cavities
are symmetric i.e., K, = k¢ = k$/2 and &}, = k9 = & /2. For the fitting, we consider n = 20,
i.e. 20 consecutive modes on either side of the central mode. This is a good approximation
considering the FSR and width of the broad mode. To find the best fit we adopt a nonlinear
least square method and minimize the sum of the squared residuals. The fitted curves are shown
as cyan (reflection) and green (transmission) traces. It may be seen that the theoretical model
can clearly reproduce the line shapes for both the polarizations with the same fitting parameters.
The estimated parameters (k¢, k5, FSRy, SFSR = FSR, — FSR,, A?Cy = Ag — A% and g) are
summarized in the first row of Table 1. It should be noted that the estimated «y and «j values are
~ 0 for the data shown.

We have analyzed two more sets of data measured in this region using the model discussed, as
shown in Figs. 2(c) and 2(d) and 2(e) and 2(f). The estimated parameters are summarized in
the second and third row of Table 1. From the fittings, it is clear that in this region, «x is much
larger than the FSR,, and the modes for the X-pol effectively act as continuum. On the other
hand, the modes for the Y-pol possess linewidths («,) of 300-380 MHz. The coupling rate g is
in the range of 2.5 - 3.3 GHz. As a result of the coupling between the two polarization modes,
Fano-type asymmetric resonances appear when the cavity is excited with X-pol and effectively
broadened Lorentzian line shapes appear when cavity is excited with Y-pol. The Lorentzian
linewidths estimated for the modes shown in Fig. 2(a) is ~ 2 GHz while the estimated width of
the uncoupled Y-pol mode is 300 MHz.

Table 1. Estimated fitting parameters in GHz unit.

Region | k¢ K3 K k5 | AY, | FSR, | 6FSR | g | Fig. No.
1827 | - 0300 - | -930| 1243 | 002 | 2.52 | 2(2)2(b)
iv 1598 | - 1038 | - |-880| 1296 | 0.05 | 2.68 | 2(c)2(d)
3005 - [0320| - | 560 1068 | 113 | 327 | 2(e).2(f)
7.50 | 0530 | 0.005 | 0.101 | 0.83 | 10.70 | 0.70 | 1.06 | 3(a)
ii | 7.80 | 0.072 | 0.016 | 0.053 | -3.05 | - - 1093 ] 3
7.75 | 0.480 | 0.010 | 0.100 | 1.36 | - - | 106 | 3()
ii 0.32 | 0.007 | 0.005 | 0.013 | -0.80 | 12.10 | 3.48 | 1.52 4

3.2. ElT-like line shapes

As described in the previous subsection, the «, values in the region (iv) are much larger than
the FSRy, so it is difficult to visualize the two polarization modes. However, in the region (iii)
the X-pol has finite reflection from both the PhCs and the linewidths of the X-pol modes are
comparable to the F'SR, of the cavity while the Y-pol modes have much narrow linewidths. As a
result, the two-mode interference effect can be clearly visualized. The magenta (gray) traces in
Fig. 3, show the three typical reflection (transmission) spectra observed in this region, when
the cavity is excited with X-pol. Figure 3(a) shows three consecutive modes measured in this
region. It may be clearly seen that a broad reflection (transmission) dip (peak) with a narrow
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Fig. 3. Magenta and gray traces show the experimentally measured reflection and transmission
spectra in the region (iii) when the cavity is excited with X-pol. The cyan (reflection) and
green (transmission) traces show the theoretical fits using the multiple-mode interference
model. (a) shows three consecutive modes measured in this region. The dashed box shows a
case when the detuning between the polarization modes is ~ 0.83 GHz. (b) and (c) show
the two cases when the detunings between the polarization modes are -3.05 and 1.36 GHz,
respectively.

transmission (reflection) window is observed. The transmission (reflection) window looks rather
symmetric when it appears at the center of the reflection dip (transmission peak) as marked by
the dashed box in Fig. 3(a). It may be seen that for the consecutive modes the position of the
transmission (reflection) window is gradually shifting towards the higher frequency side of the
broad mode. As shown in Figs. 3(b) and 3(c), when the transmission (reflection) window is
shifted to either side of the reflection dip (transmission peak), it shows asymmetric profile. Such
spectral characteristics illustrate the optical analogue of EIT and is understood from the coupling
between the two polarization modes.

We fit the observed line shapes using the model described in Section 2. In this region also, we
consider both X- and Y-pol cavities are symmetric i.e., & = k2 = «¢/2 and K;., = Ky = Ky /2. The
fitted curves are shown by the cyan and green traces for reflection and transmission, respectively.
The estimated fitting parameters (¥, K§, K3, K‘;, Agy, g) are summarized in Table 1. From the
estimated parameters, it may be seen that the «, and «, values are in the range of 8.0 - 8.5 GHz
and 0.06 - 0.11 GHz, respectively. The coupling rate g is ~ 1 GHz. The estimated F'SR, and
OF SR values are 10.7 and 0.70 GHz, respectively. As a result of the finite difference in the F'SR
values, the detuning between the X- and Y-pol modes changes gradually for the consecutive
modes. The key difference between the line shapes arises due to the different detuning between
the two nearest modes. The dashed box shows a case when the detuning between the nearest
modes is ~ 0.83 GHz. Figures 3(b) and 3(c) show the two cases when the detunings between the
nearest modes are -3.05 and 1.36 GHz, respectively. The estimated « and «5 values are in the

y
range of 0.07- 0.53 GHz and 0.053 - 0.101 GHz, respectively. Although the «; values are not
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zero, but small compared the k. So the effect of the « on the line shape is negligible. On the
other hand, «j is comparable to ky and as a result, the cavity modes were not observable when
the cavity was excited with Y-pol.

3.3. Avoided crossing between cavity modes
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Fig. 4. (a) Magenta trace shows the experimentally measured reflection spectra in the region
(ii), when the cavity is excited with X-pol and cyan trace show the theoretical fit using
the multiple-mode interference model. (b) Red and blue dots show the detuning of the
modified Y- and X-pol modes with respect to the uncoupled Y-pol mode. The horizontal axis
represents the detuning between the uncoupled modes. Whereas the vertical axis denotes
the detunings of the coupled modes with respect to the uncoupled mode of Y-pol. Magenta
and cyan dashed lines represent the detuning between the uncoupled modes. The red and
blue traces show the theoretical fit to the measured detunings of the coupled modes.

The Fano- and EIT-like line shapes presented in the previous subsections correspond to the
weak coupling regime. This is marked from the fact that x, > 2g, in the regions (iii) and (iv).
However, in the region (ii) both the polarizations are strongly reflected from both the PhCs.
This may lead to strong coupling regime, (ky, k) < 2g. Figure 4(a) shows a typical part of the
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reflection spectrum for X-pol observed in this region. It should be noted that, in this region,
the transmission spectrum was not observable. For convenience of presentation, we divide the
spectral region into 5 panels, each with a width of ~ FSR,. In each panel, peculiar double-mode
spectral features are observed in this region. In the panel (I), there are two modes. One is a
sharp and strong reflection dip and the other is a tiny and broader dip which appears at 8 GHz
higher frequency detuning. In the panel (II), the two modes get closer to each other with a slight
modification in the line shapes. In the panel (IIT) the two modes are much closer and have similar
spectral features. In the subsequent panels the spectral features are reversed with the narrow
mode gradually moving apart from the broad mode towards the higher detuning side. These
spectral features illustrate the avoided crossing phenomenon when the two strongly coupled
modes cross each other.

In order to get further insight about the frequency spacing between the uncoupled modes
in each panel, we fit the data using the multiple-mode interference model. The fitted curve is
shown by the cyan trace in Fig. 4(a). In this region, we were able to reproduce the results by
considering one-sided cavity i.e., k& = k&, K; = Ky, Ky = 0 and «{ = 0. The fitting parameters
are summarized in Table 1. The «x, «, and g are estimated to be 327 MHz, 18 MHz and 1.52
GHz, respectively. From the fit, we estimate the FSR, and 6 FSR values as 12.1 GHz and 3.48
GHz respectively. As a result of the finite difference in the F'SR values, the detuning between
the X- and Y-pol modes (uncoupled modes) changes gradually for the consecutive modes. The
scattering rate for X- and Y-pol cavities, «y and j, are estimated as 7 and 13 MHz, respectively.
Therefore the effect of the scattering loss on the observed lineshapes are not negligible and it is
also essential to reproduce the on-resonance reflection values.

We re-define the frequency detunings of the uncoupled and coupled modes with respect to the
frequency position of the uncoupled mode of Y-pol. The measured values for coupled resonances
are plotted in Fig. 4(b) as red and blue dots. The vertical axis represents the detunings (A%,)
of the coupled modes with respect to the uncoupled mode of Y-pol. Whereas the horizontal
axis denotes the detunings (AYY) between the uncoupled modes for each panel. The frequency
detuning of the uncoupled modes for X- and Y-pol are indicated by the magenta and cyan dashed
lines. It may be seen that although the uncoupled modes get closer and cross each other towards
panel (IIT), the coupled modes are still separated by 3 GHz. We fit the modified eigenvalues using
Eq. (11). The fitted curves are shown by blue and red traces in Fig. 4(b). From the fitting, we
estimate the g-value to be 1.5 = 0.11 GHz.

4. Mechanism of polarization mixing
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Fig. 5. (a) Dependency of g on the total single-pass polarization rotation (6). The vertical
axis is normalized to the F'SR of the cavity. (b) and (c) The measured intensity pattern of the
light scattered by the nanofiber segment as a function of the input polarization of the guided
light and the distance (Z) along the fiber axis for sample (i) and (ii) respectively. Colorbar
represents the normalized intensity.
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The interference between two sets of orthogonal polarization modes is possible only when there
is a finite intra-cavity polarization mixing. The polarization mixing can occur due to a finite
rotation of polarization between the two PhCs or a finite angle between the birefringent axes
of the two PhCs. Using a transfer matrix method [29], we have theoretically investigated the
dependency of g on the intra-cavity polarization rotation. A similar formalism can be found in
Ref. [30]. The dependency of g on the total single-pass rotation (), is plotted in Fig. 5(a). It
should be noted that, here g is normalized to the F'SR of the cavity. A periodic dependency of g
on 6 is observed with a period of 180°. A maximum coupling rate (g = FSR/2) is observed for
6 = 90°. This suggests that for the presented nanofiber cavity (FSR ~11 GHz), even a rotation
of 8 ~ 16° will induce a coupling rate of 1 GHz.

Next we discuss the physical origin of the polarization mixing. The fabrication process ensures
a minimum relative mismatch between the birefringence axes of the two PhCs. Therefore the main
mechanism behind polarization mixing is the intra-cavity polarization rotation. The polarization
rotation can occur due to a combined effect of the birefringence properties of the PhC structures
and the intra-cavity nanofiber segment. A finite mismatch between the birefringence axes of the
nanofiber segment and PhCs, will lead to polarization rotation.

As described in the context of Fig. 1(c), the PhC structure is highly birefringent, with
Angrr ~ 0.25%. From this, a maximum polarization rotation (A8/Az = nAn.sr/A) can be
estimated as ~ 603°/mm, where A = 850 nm is the wavelength of light. Due to the distributed
nature of the Bragg reflection, the PhCs not only act as mirrors, but also as retardation plates,
inducing polarization rotation. The amount of rotation will depend on the angle of input
polarization with respect to the birefringence axis and the penetration length into the PhC mirror.
Moreover different wavelengths across the stop band may have different penetration lengths
resulting in wavelength dependent variation of total intra-cavity polarization rotation.

The nanofiber segment between the two PhCs can also have birefringence arising due to the
ellipticity of the nanofiber cross-section. We have experimentally measured the polarization
rotation in the nanofiber segment by observing the angular distribution of the Rayleigh scattered
light from the nanofiber [31]. The intensity pattern of the light scattered by the nanofiber, is
measured along the length of the nanofiber by varying the input polarization of the guided light.
The scattered light is observed using a CCD camera aligned perpendicular to the nanofiber axis
and only the polarization component orthogonal to the nanofiber axis, is measured.

The 2D plots in Figs. 5(b) and 5(c) show the measurements carried out for two typical samples
(i) and (ii), respectively. In the case of sample (i), the polarization rotation along the nanofiber is
clearly observed. This is marked by the periodic modulation of the intensity pattern along the
length of the nanofiber. From the measured spatial period of A, ~ 5 mm along the length of the
nanofiber, we estimate a maximum polarization rotation of A8/Az = /A, ~ 36°/mm. This may
correspond to an effective refractive index difference of An.¢r ~ 0.017% for two orthogonal
polarizations. Using finite difference time domain simulations (FDTD Solutions, Lumerical
Inc.), we have estimated that the measured An, ¢y may correspond to an ellipticity of ~ 0.21% i.e.
a diameter difference of ~1 nm. On the other hand for the sample (ii), we have observed only a
small rotation of polarization over the entire length of the nanofiber segment, which is within
the angular accuracy of 10°. We have fabricated PhC cavities on both sample (i) and sample
(ii). The interference between the polarization modes is observed for both the cavities. The data
presented in the previous section correspond to the sample (i).

5. Discussions

Table 1 summarizes the fitting parameters estimated for different regions. It is evident that the
interaction dynamics between the two sets of cavity modes governs the different spectral features.
Fano- and EIT-like line shapes are observed when the polarization modes couple weakly, i.e.
Ky > 2g > ky. When the two polarization modes satisfy the strong coupling condition, i.e.
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(kx, ky) < 2g, avoided crossing of the two modes is observed.

The multiple-mode interference model is essential to faithfully reproduce the spectral features.
In fact a two-mode interference model can explain the features only in a limited bandwidth region.
Especially in the weak coupling regime when the linewidths of the broad modes are comparable
to the FSR and the adjacent modes are overlapping, such a model fails. On the other hand, it may
be intriguing to fit the Fano-type line shapes shown in Fig. 2(b), using the phenomenological
Fano line shape formula [1,2] given by

1 (gkepp +w)
> +1 Ksz + w?

where k. is the effective linewidth of the mode, g is the Fano-parameter (asymmetry parameter)
and w is the frequency detuning. It should be noted that when the g-value is close to 1, the
asymmetry is maximum and as the g-value becomes much greater than 1, the asymmetry reduces
but the spectra are inverted. The black traces in Fig. 2(b) show the fittings using Eq. (12), for
data points within the region marked by the dashed lines. From the fittings, we estimated the
g-value to be 2.7 for Fig. 2(b). It may be seen that the above formula can reproduces the spectral
features only in the central region. Whereas in the tail region the fitted curve clearly deviates
from the observations. This is due to the contribution from the adjacent modes, which can only
be explained considering the multiple-mode interference model.

As shown in Fig. 4(a), the model not only reproduces the eigenfrequencies but also can
qualitatively predict the spectral shapes and the on-resonance reflection. It should be noted that,
here the loss rate due to scattering plays an important role to predict line-shapes. This is due to
the fact that in this region (region (ii)) the linewidths are much narrow and are mainly dominated
by the scattering loss. However in the weak coupling regime (region (iii) and (iv)) the effect of
scattering loss is negligible.

It can be seen from Table 1 that the estimated values for g ranges from 0.9 to 3.3 GHz, for
different regions across the stop band. This can be understood from the polarization rotation of
36°/mm in the intra-cavity nanofiber segment for the sample (i), as discussed in the previous
section. On the other hand, for the cavity fabricated on sample (ii), we have observed a maximum
g value of ~ 1 GHz, which corresponds to a ~ 16° polarization rotation between the two PhCs.
Although the measured polarization rotation for this sample is less than 10°, the combined effect
of the small but finite rotation of polarization in the nanofiber segment and strong birefringence
of the PhCs, may enhance the total polarization rotation to explain the observed g values.

Based on these understandings, the line shapes can be designed according to the requirements
of specific applications. The decay rates k. and «, can be controlled by selecting the appropriate
spectral region. Whereas, the g value can be controlled by varying total amount of polarization
rotation between the two mirrors, by inducing a relative axial rotation of the PhC axes and
controlling the birefringence of the nanofiber section.

12)

6. Summary and outlook

We demonstrate that exotic photonic effects such as Fano-type resonances, optical analogue of
EIT and avoided crossing between modes, can be realized in a photonic crystal nanofiber cavity
by exploiting its polarization properties. We show that such spectral features originate due to the
coherent interaction between two sets of multiple cavity modes with orthogonal polarizations.
Such interaction arises due to the intra-cavity polarization mixing. The observed line shapes are
reproduced using a multiple-mode interference model under different coupling regimes.

Such photonic effects are promising in realizing fine control of light in micro and nanophotonic
structures. In particular, the unique properties of a nanofiber such as the strong field confinement
and efficient interaction with the surrounding medium in a fiber-in-line platform, may further
enhance the capabilities for new applications in nanophotonics and quantum photonics.
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