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ABSTRACT: We introduce a new platform to achieve a
strong magnetic response in optical fibers with nanoscale
dimension. We reveal that for a coupled dipole—fiber system
an electric dipole placed near an optical nanofiber can produce
strong magnetic response. We show that the magnetic and
electric response of such a system depends on the orientation
of the dipole source with respect to the fiber. Using the
multipole expansion method, we demonstrate that it is
possible to suppress the electric response and preferentially
enhance the magnetic resonance of a coupled dipole—fiber
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system, in such a way that the energy in the magnetic mode can be made 2 orders of magnitude higher than that of the electric
mode of the system. This nanophotonic system opens up new possibilities to develop low-dimensional nanodevices with

enhanced magnetic response.
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he magnetic response of most natural materials is usually
weak due to the negligible contribution of electronic spin

at high frequencies, which leads to small induced magnetic
dipoles." As a result, the permeability of most natural materials
in optics is assumed to be equal to the permeability in a
vacuum. For a stronger magnetic response, one can excite
electric currents in artificial metallic loops, which allow access
to a wide range of effective values of y, including negative
values. These loop currents are the building blocks of metallic
metamaterials, which have been used to design structures with
negative refractive index” " for applications such as cloaking®
and superlensing.” The main drawback with these metamaterial
structures is the high Ohmic loss of metallic parts at optical
frequencies. Recently, it has been shown that dielectric
nanoparticles with a high refractive index can also lead to a
strong magnetic response.” "’ The Mie scattering of light from
high-index dielectric nanoparticles shows a series of alternative
magnetic and electric dipole and multipole resonances vs
frequency associated with induced magnetic and electric
resonant modes. This has been studied for particles of different
sizes and shapes including spheres, rods, and disks.””'*'**07**
Seemingly in a different field of research, the interaction
between quantum emitters and electromagnetic modes of a
cavity, recoégnized as cavity quantum electrodynamics
(CQED),”* has been explored for both weak and strong
coupling regimes in different cavity structures,”’ such as
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microspheres, microtoroids, microdisks,>® and
Fabry—Perot microresonators.”* The modification of quantum
emitters’ properties, such as radiation power and decay rate, by
coupling with dielectric waveguides has also been studied.”>™*
The radiation peaks of coupled quantum emitters with optical
fibers have been studied theoretically, observed experimen-
tally,”>** and associated with the whispering gallery modes
(WGMs) of fibers.*”*** Coupling of a quantum emitter into
guided and radiation modes of an optical fiber has been
studied,>> 38407424550 being identified as a potential platform
for developing devices for quantum information technol-

gy.***>*° However, until now the research of such systems
has been focused on the study of higher order radiation modes
associated with high-Q cavity resonances.

In this paper, we suggest a new platform to achieve a strong
magnetic response, based on a localized source on the surface
of a nanofiber, hence establishing a connection between
dielectric metamaterials based on Mie scattering and dipole—
cavity interaction. We demonstrate that the first radiation peak
of a localized source (electric dipole) in the vicinity of a
relatively low-index optical waveguide can have a strong induced
magnetic response. We demonstrate that such a structure has
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radiation peaks wherein the contribution of TE and TM
harmonics depends on the orientation of the source with
respect to the fiber axis. By decomposing the scattered electric
field into the excited harmonics, we find that the first radiation
peak of the system is induced by strong electric or magnetic
dipole response. We show that the dipole—fiber system can
suppress the electric dipole response and preferentially enhance
the magnetic resonance. Unlike high-index refractive nano-
particles, here we report the existence of a strong magnetic
response with a moderate refractive index, which suggests
developing of novel nanophotonic devices based on optical-
fiber technologies,51 with tunable magnetic and electric
responses.

B RESULTS AND DISCUSSION

We study a system that consists of an electric dipole excited at a
fixed frequency (below we consider the wavelength A = 700
nm) placed at the core-clad interface (on the x-axis) of an air-
clad nanofiber, with telluride as the hosting material. Tellurite is
a soft glass with a refractive index n = 2.025. The main results
presented here are true for any choice of moderate and high
refractive index, where there is a distinct first radiation peak. It
is shown that higher core-clad refractive index contrast leads to
enhanced emission of a dipole at the vicinity of an optical
fiber.*’ Incorporating single emitters within tellurite step-index
fibers has recently been reported as a platform for hybrid
quantum-photonics devices.” We assume that the fiber is
oriented along the z-axis and the center of the coordinates is at
the center of the fiber cross section as shown in Figure 1. Such
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Figure 1. Schematic of coupled dipole—fiber system.

a system has strong radiation peaks associated with the WGMs
formed in the cross section of the nanofiber.”> The total
emitted power by the system can be expressed as the
summation of the powers of radiated and guided modes:**>*

Pw=20+ Y [ R(Q)dq o
j v

where Q = (D/2)(k* — f*)'/%, D is the core diameter, k = 277/4,
p is the propagation constant, and Quq = kD/2. The P; = IujlzNj
and P, = la’N, are respectively the power captured in the
guided mode j and the radiation mode v of the fiber, j and v are
the azimuthal mode indices, and N;, = (1/2) / a(e, X h;"u)
2dA is a normalization term. The coupling coefficients a; and a,
are given by

2
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Here, e;, and h;, are jth (vth) guided electric and magnetic
fields of the fiber, respectively, and py(r,) is the dipole vector at
the position of ry. Equation 2 describes the dipole—electro-
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magnetic field interaction. The integration in eq 1 for the
radiated power is due to the continuous nature of the allowed
propagation constant value, redefined in terms of Q.** The
radiation modes are formed by a superposition of TE- and TM-
like elementary modes of the fiber with relatively small
longitudinal electric and magnetic fields, respectively.*”>

The normalized radiated power and the contribution of both
TE and TM components corresponding to the z- and r-
oriented dipole excitations are shown in Figure 2a and c. The
total radiated power is normalized to the total radiated dipole
power from the telluride glass. When the electric dipole source
is oriented along the z-direction, the total radiation has a
dominant TM component, which defines the position of the
resonance peaks (see Figure 2a). This can be explained in terms
of the excitation fields: a z-oriented dipole couples strongly into
a mode with a large z-component electric field (see eq 2); thus
it can mainly couple into TM radiated modes of the fiber. The
position of these peaks overlaps with the position of the TE
whispering gallery mode (TE-WGM) resonances (blue
triangles in Figure 2a) of a two-dimensional (2D) microdisk
calculated independently by solving Maxwell’s equations for a
2D circular disk with a diameter equal to that of the fiber.*’

The radiated power of the r-oriented dipole is shown in
Figure 2c. The four first radiation peaks have both TE and TM
radiation contributions, while higher order radiation peaks have
only a strong TE contribution; that is, the position of higher
order peaks is defined by the position of TE radiation mode
peaks of the fiber. This can be explained in terms of the
excitation fields: an r-oriented dipole couples strongly into the
modes with a large r-component electric field (see eq 2); in this
case these modes are the TM radiation modes of fiber and the
TM whispering gallery mode (TM-WGM) resonances. As a
result of TM-WGM excitation, the TE radiation modes of fiber
are also excited. Thus, the first four radiation peaks do not align
with the positions of WGM resonances due to the existence of
both polarizations, while higher order radiation peaks overlap
with the position of the TM-WGM resonances (red triangles in
Figure 2c) of a two-dimensional microdisk calculated
independently.

We employ the electromagnetic multipole expansion to
decompose the fields radiated by the system in terms of electric
and magnetic multipoles, which represent the spatially localized
sources, ie., electric charges and currents.>*>* We use the
commercially available numerical software CST Microwave
Studio to calculate the electric field of the system (Ey,) and
the localized source (E,,..) at the position of the first radiation
peak. The center of the coordinates is located at the center of
the fiber cross section. The fiber is oriented along the z-axis,
and a discrete current port is defined to represent an electric
dipole on the x-axis (x = D/2). We first use “open” boundary
conditions (a perfectly matched layer with minimum reflection)
in the z-direction and “open (add space)” boundary conditions
(similar to open with an extra space) in both the x- and y-
directions, to represent an infinitely long fiber along the z-axis
in free space. Then we change the boundary condition along
the z-direction to “open (add space)”. This is equivalent to a
finite fiber (nanorod); in this case L = 4 ym long (L/A > 5.7).
The near-field and far-field results are found to be similar in
both cases, indicating that the chosen length for the fiber is long
enough to represent an infinite fiber. The limited length of the
fiber is required for the far-field decomposition discussed
below.
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Figure 2. Normalized radiated power (total, TE and TM) of a dipole—fiber system with (a) z- and (c) r-oriented excitation. All the radiated powers
are normalized to the dipole radiation power in bulk tellurite glass. The radius of the (m, 0) resonances of 2D TE- and TM-WGMs is shown
respectively with blue and red triangles. The normalized Cartesian ED and MD moments of the system at the position of the first radiation peak: (b)
z- and (d) r-oriented dipole excitation. The normalized frequencies (diameters) are 0.128 and 0.2, respectively.

In general, the scattered electric field of a system, which is
excited by a monochromatic plane wave, with the electric field
amplitude E,, angular frequency w, and wave vector k, can be
written in spherical coordinates in the form of the following
multipole expansion:™*

[ 1
E(r, 0, 4) =E, 2. Y. ilz(2l + 1)]'/2

I=1 m=-1

X {%“E(l; m)V x hl(l)(k’) X,,,(0, ¢)

+ ay(1, m) BV (kr) X,,,(0, ¢)}
(3)

where X;, and h{" are the normalized vector spherical
harmonics and the spherical Hankel functions of the first
kind, respectively. The coefficients ag(l, m) and ay(l, m)
represent the amplitudes of electric and magnetic (I, m)
multipoles. These coeflicients can be calculated once the
scattered electric field E, is known, by using the orthogonality
of the spherical harmonics (see egs S1 and S2 in the Supporting
Information).”* Consequently, the Cartesian multipole mo-
ments can be calculated from the coefficients ag(l, m) and ay (],
m) (see eqs S3 and S4 in the Supporting Information).>* In
general, the multipole decomposition depends on the origin of
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the coordinate system. Here, the origin is chosen to be at the
center of the cross section of the fiber. Equation 3 can also be
employed to decompose the total electric field of the coupled
dipole—fiber system. Here, the system is excited using a dipole
source; therefore for decompostion of the fields we normalize
the electric fields to E, by assuming E, = 1.

We have calculated the noramlized Cartesian electric and
magnetic dipole moments (ED and MD, respectively) of a z-
oriented dipole on the surface of the fiber using eqs S3 and S4,
at the position of the first radiation peak (normalized
frequency/diameter 0.128), as shown in Figure 2b. The ED
and MD moments are normalized to C, and C,, respectively
(see eqs S3 and S4 in the Supporting Information).
Unsurprisingly an off-axis z-oriented dipole by itself (source)
has a strong z-oriented ED moment, relatively weak MD
moments, and higher order electric quadrupole components
(see Figure Sla in the Supporting Information).>> We observe
that the inclusion of the nanofiber enhances the ED and MD
components of the system with ED remaining the dominant
component.

Figure 2d shows the noramlized Cartesian ED and MD
moments by an r-oriented electric dipole located on the x-axis
(off-centered x-oriented). The dipole components confirm a
strong ED moment along the x-direction and negligible MD
moment for source only. By the presence of the fiber, the ED
component at the position of the first peak (normalized
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Figure 3. Magnetic response of a nanofiber: (a) Normalized radiated power for a system with a ¢-oriented excitation. The radius of the (m, 0)
resonances of 2D TM-WGMs are shown in red triangles. (b) Electric and magnetic multipole coefficients of the total electric field of the system
(blue bars) and the source (white bars). (c) Magnetic field in the xz-plane, where white horizontal lines represent the core-clad interface of the fiber.
(d) Normalized ED and MD moments of the system at the position of the first radiation peak. The dipole moments are normalized to dipole

moments of the system without the fiber (source only).

frequency/diameter 0.2) is further enhanced (remaining the
dominant component), and higher order electric components
also start appearing (see Figure Slb in the Supporting
Information). The emergence of quadrupoles in the system
also explains the offset between the radiation peaks and the
position of the WGM resonances observed in Figure 2c.

The normalized power radiated by a ¢-oriented dipole—fiber
system is shown in Figure 3a. The total radiated power has a
TE dominant component, which defines the position of the
peaks. In terms of dipole excitation, a ¢-oriented dipole couples
strongly to a mode with a large ¢)-component electric field (see
eq 2); thus it mainly couples into TE-like radiated modes. This
also explains the alignment of the radiation peaks with the
position of the TM-WGM resonances (shown with red
triangles in Figure 3a) for the 2D microdisk. Figure 3b shows
the decomposition results (spherical electric and magnetic
multipoles) at the position of the first peak (normalized
frequency/diameter 0.386). Only positive m multipole
components are shown, due to the symmetry of agy(l, m)
and ag (I, —m) components. The source is located on the x-
axis and core-clad interface, which represents an off-centered y-
oriented dipole, i.e., strong az(1, +1) components (Figure 3b)
leading to a strong P, (see Figure S2a in the Supporting
Information). In the presence of a fiber, the contribution of
ag(1, 1) is suppressed, while the ay(1, 0) component is
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enhanced so that ay(1, 0)/ag(1, 1) ~ 15. The ag(1, 1)
component of the scattered field is comparable only to that of
the source, showing that the nanofiber generates a strong ag(1,
1) component that counteracts that of the source, thus
suppressing the electric dipole moment of the coupled
dipole—fiber system.

Figure 3¢ shows the magnetic field of the system in the xz-
plane. The white horizontal lines represent the core-clad
interface of the fiber. The arrows and contour lines represent
the direction and field lines of the magnetic field, respectively.
The figure demonstrates a magnetic field along the z-direction
in the fiber. Moreover, the magnetic field outside the fiber is in
the opposite direction with respect to that inside the fiber. This
indicates and confirms the formation of a magnetic dipole
(along the z-axis) in the system. To quantify the dipole
moments, we normalize the dipole moments of the system to
that of the source (see Figure 3d). Blue and red colors
represent the normalized ED and MD moments, respectively.
The ED component is suppressed dramatically (~0.12), while
the MD component is enhanced (~1.8 times), leading to an
overall strong magnetic response. The results in Figure 3d are
proportional to the effective electric and magnetic polarizability,
indicating that the effective magnetic polarizability is more than
1 order of magnitude (~1S times) higher than the effective
electric polarizability in the system.

DOI: 10.1021/acsphotonics.6b00030
ACS Photonics 2016, 3, 972—-978


http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.6b00030/suppl_file/ph6b00030_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.6b00030/suppl_file/ph6b00030_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.6b00030/suppl_file/ph6b00030_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.6b00030/suppl_file/ph6b00030_si_001.pdf
http://dx.doi.org/10.1021/acsphotonics.6b00030

ACS Photonics

Electric
c 08
o
S 07 % J
2
T 06
g N Cgm)
Qos 1
é’ 0.4- . CM(Lm)
% 03l 7
T o2 ,
0.1
0 [ | ‘ ‘ ‘
(1,0) (1,1) (2,0) 2,1) (2,2)
Multipole coefficients (I,m)
1 : : 1
09" Electric (b) o Magnetic @
c 08F 1 os8f |
RS RS
S 07 15 o7
: % = %
= 06F 1E o6l .
c c
Sos 8 os
o o
= 04r 1.2 04 .
s 3 03
o o
0.2 B 0.2 i
0.1 0.1F i
0 . -\ o 1 | | I \I
(1,0) (1,1) (2,0) (2,1) (2,2) (1,0) (1,1) (2,0) (2,1) (2,2) (3,0)

Multipole coefficients (I,m)

Multipole coefficients (I,m)

Figure 4. Relative contribution of multipole coefficients (I, m) in the total enegry of the system when the excitation is a (a) z-, (b) -, and (c) ¢-
oriented electric dipole. The inset shows the system configuration for each case.

Having multipole coeflicients, the scattering cross section,
which defines the fraction of incident energy coupled into the
scattered field, can be derived as™*

T
12

CS
k

&) 1
3> @+ Dllag(l, m)P + lay (1, m)P]
=1 m=-1

i @)

The terms of the series determine the contribution of each
multipole excitation to the overall scattering cross section. For a
plane wave excitation, eq 4 is normalized to the total energy in
the plane wave (see eqs Sl and S2 in the Supporting
Information). For the dipole excitation we assumed E; = 1;
thus we nomalize the contribution of each electric and magnetic
multipole to the total radiant energy in the system calculated
from the numerical simulation (W,). Therefore, the relative
contribution of each multipole component is defined as Cg (],
m) = 71(21 + 1)lag (I, m)*/(K*W,). This also defines the energy
distribution in the system in terms of spatially localized sources.

Figure 4 shows the relative contribution of each multipole in
the total energy of the coupled dipole—fiber system. The
horizontal axis shows the multipole scattering coefficients (],
m). Due to symmetry of Cgy(l, m) and Cgy(l, —m)
components (inherited from agy(l, + m), respectively), the
total contribution of both components is presented at (I, m).
With a z-oriented dipole excitation (Figure 4a) the energy
couples predominantly (>90%) in the Cy(1, 0) component;
that is, the system represents an enhanced electric dipole along
the z-axis. With the presence of an r-oriented dipole (Figure
4b), most of the energy also couples into electric mulitpoles
with a strong contribution from Cg(1, 1), representing an
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electric dipole along the x-axis. The presence of quadrupoles
[Cg(2, 0) and Cg(2, 2)] in the system also explains the offset
between the radiation peaks and the position of the WGMs
observed in Figure 2c. This is while a system with ¢-oriented
dipole excitation (Figure 4c) behaves in a completely different
way. There exist a strong contribution (more than 75%) from
Cu(1, 0) (z-oriented magnetic dipole) and a small but
considerable contribution (more than 10%) from octupole
magnetic component Cy(3,0) in the total energy distribution of
the system, while the contribution of the source is dramatically
suppressed so that Cy(1, 0)/2Cg(1, 1) ~ 112 (the factor 2 is to
consider the symmetry of Cg(1, 1) and Cg(1, —1)).

B CONCLUSION AND DISCUSSION

We have introduced a new platform that allows accessing a
strong magnetic response in optical fibers with nanoscale
dimensions (nanofiber). The electric response of a system of an
electric dipole, and a nanofiber can be suppressed preferentially
while its magnetic response is enhanced by more than 2 orders
of magnitude. This strong magnetic response is observed in a
system with a relatively moderate refractive index. We believe
these results will pave the way to developing novel nanofiber
devices with a large induced magnetic response.

The concept developed here can be applied to any part of the
electromagnetic spectrum depending on the application. For
example, a free-standing subwavelength fiber with the diameter
on the order of a few millimeters or a few hundred micrometers
can be used to demonstrate the concept in the microwave or
terahertz regime, respectively. In the optical frequency domain,
the concept can be demonstrated in fibers with relatively
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moderate index glasses such as tellurite with diameters on the
order of a few hundred nanometers. Both free-standing tellurite
optical nanowires with a 100 nm diameter” and tellurite
microstructured tapered optical fibers with core diameters of
320—80 nm*® have been reported and can be exploited for the
concept reported here.
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