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Abstract

The rapid growth of optical communication networks requires monolithic integration
of various optical components such as lasers, modulators, detectors, amplifiers etc.
Optical feedback due to reflected light at the interfaces of several components in
a photonic circuit has detrimental effects to the normal operation of the lasers by
increasing noise, forcing the lasers to oscillate into different lasing modes etc. So
optical isolators are crucial components to make complex optical circuits possible by
preventing the reflected signal from coupling back to the laser sources. For this pur-
pose, an optical isolator that can produce isolation of the feedback signal by > 30
dB, and at the same time offers very low insertion loss of < 1 dB is desired. Only
bulk magneto-optic Faraday rotator-based optical isolators that need biasing magnets
deliver such a performance but are not compatible with integrated circuits. Here we
present biasing magnet free thin film optical isolator with > 30 dB of isolation and
< 0.5 dB insertion loss, and also demonstrate progress towards their integration into
semiconductor substrate platforms.

In the quest for on-chip optical isolators, we also discuss the results of experimenta-
tion on a novel physical phenomenon of topological edge-mode-based optical isolation
and localization of the edge mode in a single waveguide in a device of multiple cou-
pled waveguides. The device is fabricated on liquid-phase-epitaxy-grown bismuth-

substituted lutetium iron garnet films (Bi:LulG) on a gadolinium gallium garnet

XXV



(GGQG) substrate. The localization of the field in a single channel for forward prop-
agating light and delocalization of the field for reflected light serves the purpose of
an optical isolator with predicted isolation as high as —50 dB. Localization of power
as high as 29 dB in a single channel as compared to the power in outermost channel
and average insertion losses of < 2 dB in the edge channel relative to total output
power in the whole array are measured has been found. The challenges and methods
for implementation of SSH-topology-based optical isolators have also been analyzed.
Moreover, the formulation of electromagnetic spin-orbit coupling in magneto-optic
media as an alternative source of spin-orbit coupling to non-paraxial optical vortices
is also presented in this dissertation. It shows that magnetization-induced electro-
magnetic spin-orbit coupling is possible, and that it leads to unequal spin-orbital
angular momentum conversion in magneto-optic media evanescent waves in opposite
propagation-directions. Generation of free-space helicoidal beams based on this con-
version is shown to be spin-helicity- and magnetization-dependent. We show that
transverse-spin to orbital angular momentum coupling into magneto-optic waveguide
media engenders spin-helicity-dependent unidirectional propagation. This unidirec-
tional effect produces different orbital angular momenta in opposite directions upon

excitation-spin-helicity reversals.
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Chapter 1

Introduction

Optical fiber communication is an integral part of modern communication system
for it not only serves as an interconnection between processed and stored data in
electronic system hundreds of kilometers away, but also offers high speed capacity
and efficiency in data transport. Many of the components of the interconnect have
been successfully developed or integrated to the semiconductor platform such as
Ge-lasers [1], Si and Si3N, waveguides [2 3], Si modulators [4], optical amplifiers
[5],optical multiplexers [6],and optical resonator filters [7]. However non-reciprocal
device components such as optical isolators and circulators are still posing issues
over the successful integration with almost all devices lacking either the isolation
ratio below requirement of at least 30 dB or having losses more than desired range

of within 1 dB. Non-reciprocal devices use mainly magneto-optic garnets materials



because of their high transparency and Faraday rotation in near-infrared wavelengths
that are used in telecommunication. Its non-reciprocal effect enables it to isolate
the reflected light from coupling back to the laser source or other components of
the optical integrated circuits (OICs). After the first discovery of basic magnetic
garnet material YIG (Y3Fe5012) in 1957 at Bell labs, considerable research has being
conducted over the last couple of decades on both materials advancement and the
device designs. In particular, bismuth and cerium substituted YIG material and
devices based on these materials, to significantly increase the Faraday rotation and
thereby the device length has been widely investigated [8-17]. As a result, remarkable
improvement has been achieved on material advancement from Ce-substituted YIG
on GGG with the highest reported Faraday rotation of 4800° per cm [I1] to achieving
single-domain bias magnet-free material [I8], [19].

Most of the work devoted to the development of compact on-chip isolators has
focused on the design and fabrication of optical waveguide structures, such as
Faraday rotators [2022], Mach-Zehnder interferometers [23-25], ring resonators
[26, 27] , and other variants [28-30]. However, the remaining issue of reducing the size
or eliminating the magnetizing element, be it permanent magnets or electromagnets,
has not been addressed extensively [22] [31], [32]. In fact, it is the magnetizing element
that accounts for a considerable part of the bulk of these devices at present. Prior
work by Levy et al. has addressed the integration of permanent magnet films

in Faraday rotator waveguide structures [22] [31], nevertheless, no work has been



reported on the complete elimination of the magnetizing elements in micron-scale
magneto-optic devices. Chapter 2 of this dissertation encompasses the fabrication,
characterization and wafer bonding techniques to integrate the components of
magnetless magneto-optic (MO) material to develop fully functional optical isolator

and its integration to Si platform.

Aside from the Faraday-rotation-based optical isolators and wafer-bonding in-
tegration for on-chip isolation in optical circuits, the waveguide-structure-based
optical isolator is another approach to realize on-chip devices. The issue with
the waveguide-geometry-based isolator device is that because of the longitudinal
component of the field in waveguide modes, the inevitable coupling of longitudinal
and transverse components leads to birefringence between TE and TM modes and
prevents full 45° polarization as in bulk Farady rotators. The birefringence may
arise from different anisotropies in the structure such as geometry, stress and growth
related phenomena, and a fine tuning is needed to zero out linear birefringence
[20, 21, 33H35]. Since this takes tedious and costly processes and in many cases is not
compatible with integrated device operations, researchers have moved to alternatives
of utilizing non-reciprocal phase shift (NRPS) effect based devices such as MZIs
[23-25], 36], and Bloch oscillators [37]. A new concept of topological-edge-mode based
optical isolator has been recently purposed by Ganainy et al. [38] with prediction

of about 50 dB of isolation. Topological concept-based devices are particularly



robust against the perturbation that could arise from fabrication tolerances during
device making. This new concept-based experimentation on waveguide arrays of
liquid-phase-epitaxy (LPE)-grown bismuth-substituted lutetium iron garnet films
are presented in chapter 3 of this thesis.

Chapter 4 discusses the generation of optical orbital angular momenta induced
through magneto-optic spin-orbit coupling. It analyzes the effect of non-reciprocity
on spin-induced transverse optical momenta, as well as magnetization tuning and
magnetization reversal effects on unidirectionally spin-induced orbital angular
momenta normal to the optical spin. Finally, chapter 5 draws the conclusions of the

work and make suggestions for future work.



Chapter 2

Magnetless Faraday rotators for
compact integrated optical

i1solators

2.1 Introduction

MThe miniaturization of optical isolators and circulators has been actively pursued
over the last several decades [39, [40]. This effort has been spurred by a widespread

industrial need, particularly in optical telecommunications, to protect laser sources

'Part of the material contained in this chapter has been published in Journal of applied physics, 121
(2017) [58] and reprinted here with permission. (see appendix [B|for permission).



from return light and back reflections in optical circuits [39, 40]. Driving factors
for this undertaking include the expected robustness of integrated circuits, improved
functional reliability, batch fabrication economy, improved optical alignment and im-

munity to vibrations.

Magneto-optic (MO) methodologies to on-chip isolation have received considerable
attention because of the nonreciprocal nature of the Faraday effect and the magneto-
optic nonreciprocal phase-shift effect [39, 40]. Both these techniques require the
application of a magnetic field to saturate the magnetization in the device. Magneto-
optic garnet materials, most notably bismuth- and cerium-substituted iron garnets
have been used in on-chip prototypes. These are also the materials of choice and are

extensively used in bulk isolators presently sold commercially.

Most of the work devoted to the development of compact on-chip isolators has fo-
cused on the design and fabrication of optical waveguide structures, such as Faraday
rotators [20H22], Mach-Zehnder interferometers [23-25], ring resonators |26, 27], and
other variants [28430]. But the remaining issue of reducing the size or eliminating
the magnetizing element, be it permanent magnets or electromagnets, has not been
addressed extensively [22, B1, 32]. In fact, it is the magnetizing element that accounts
for a considerable part of the bulk of these devices at present. Prior work by Levy
et al. has addressed the integration of permanent magnet films in Faraday rotator

waveguide structures [22, B1]. However no work has been reported on the complete



elimination of the magnetizing element in micron-scale magneto-optic devices. It is
this question that is investigated in this work starting with magnetless MO bulk film
and making thin film planar waveguide structure by lapping to crystal-ion slicing and

integrating it with two ultra thin PolarCor polarizers.

2.2 Principle of magneto-optical isolator based on

the Faraday effect

2.2.1 Faraday Rotation

The Faraday effect in magneto-optics is the phenomenon of rotation of polarization of
linearly polarized light in presence of a static magnetic field applied along the direction
of light propagation direction. Any linearly polarized light can be considered as the
superposition of two normal modes namely Right Circularly Polarized (RCP) and
Left Circularly Polarized (LCP) components with equal amplitudes [41] [42]. In Jones-
vector representation, for any linearly polarized light at an angle 6 to the horizontal

direction [42], and the amplitude components are given as,

= e + Eew (2.1)



where column vector on left hand side represents the Jones vector for linearly polarized
light at angle # and two column vectors on right hand sides represent RCP and LCP
light respectively. RCP and LCP light propagate with different velocities ¢/n, and
¢/n_ in magneto-optic materials with different refractive indices n, and n_ and
different phase shifts ¢, and ¢_ after passing through the same thickness of the
material respectively. For a length of [ along the propagation direction, the relative

phase shift is given as:

Ap=0dy — ¢ = 2% (ny —n-)l (2.2)

The resulting Jones vector of the beam emerging out of the magneto-optic material

%ewei‘z’+ : + %€i9€i¢_ : — ¢ 0 w08 (6 = £4/2) (2.3)
i —i sin (0 — A¢/2)

where ¢g = (¢4 + ¢_) /2 is the average of absolute phase gained by RCP and LCP
light while passing through the material. The Jones vector of clearly indicates
that the emerging light is linearly polarized and the polarization vector is further
rotated by half of the phase (A¢/2) shift between two modes. The output light from
the material will be linearly polarized provided the refractive indices n, and n_ are
purely real with no imaginary part. For the material, absorbing RCP and LCP light,

the indices of refraction are given as ny — ny + 1k and ny — n_ +ik_ with k;

and k_ being the imaginary parts that are related to the absorption. The difference in



absorption coefficient is what is known as circular dichroism. Because of the different
amount of absorption for RCP and LCP light, the amplitudes of the two modes is
no longer equal resulting in elliptically polarized normal modes. The final output of
the beam will be rotated elliptical polarization. Most commonly used magneto-optic
iron garnet materials are highly transparent at infra-red (IR) wavelength range with
negligible effect due to loss. However linear birefringence induced by geometry, stress
or growth related anisotropy may cause detrimental effects, especially to magneto-
optic waveguide-based devices, which require phase matching between Transverse

elctric (TE) to transverse magnetic (TM) mode conversion.

2.2.2 Reciprocal and non-reciprocal polarization rotation

In an optically active material with intrinsic helical structure such as tellurium
oxide(TeOs), quartz (a-SiO,), cinnabar(HgS), amino acids and sugars, the material

equation is propagation-direction(k)dependent and is given as:
D = éE + i (g x E) (2.4)

where E and D are the electric field and displacement vectors, € is the dielectric permi-
tivity tensor of the medium, ¢, is the permitivity in free space and g is a pseudovector

called gyration vector, which is propagation-direction dependent, i.e. g(l;:) = —g(—E).



So reversal of the propagation direction of the light beam also reverses the sense of the
rotation of polarization in these materials, and the rotation is reciprocal in that sense.
For the beam propagating in the Z direction so that k= (0,0,k) and g = (0,0, 9),

the above equation ([2.4) can be written as

-]l
I

M>
=

(2.5)

The permitivity tensor now becomes asymmetric with off-diagonal terms and is given

as [43]
€xx g 0
€= —ig €y 0 (2.6)
0 0 e,

where €, = €,y = €., = € = eon? for an isotropic medium of permitivity ¢ and
refractive index n in absence of any external magnetizing field. In the presence
of external magnetization, D = ¢yn? , n being the refractive index of medium in

magnetic field, (2.5)) and (2.6 can be combined to have the eigenvalue equation as,

E, e g 0| |E,
con’l g, | =|-ig ¢ 0o |B, (2.7)
b, 0 0 € E,
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The solution of this equation will give two circularly polarized normal modes RCP

and LCP with eigen vectors |(F, 4 E,, 0) and corresponding eigenvalues as

ng=+ectg (2.8)

After passing through a length L of the material material under the influence of a

magnetic field (B), the two circular polarization components have a relative phase

shift:

and

2m gL
Ap=—==
¢ A Ve

Then the polarization rotation angle is given as:

QP:%M):L%_L&

In contrast to this optical activity, in magnetic garnet materials like ThGG and YIG,

the gyration vector does not dependent on direction of propagation. Rather they do

11



depend on the direction of magnetization (M), i.e.

as g o< M. In paramagnetic and diamagnetic magneto-optical materials, the polar-
ization rotation also known as Faraday rotation is proportional to the magnetic field

B along the direction of propagation and is given as

6y = VBL (2.10)

where V' is called the Verdet constant of the material. In ferro- and ferri-magnetic

materials, Faraday rotation is given as,

%:F(M)L (2.11)

where M, is the saturation magnetization and F denotes the Faraday rotation coeffi-
cient (degree per unit length) The sense of the polarization rotation in these magnetic
garnet materials doesn’t reverse for the reversal of the direction of propagation. The
effect is called non-reciprocal, in other words, the materials break the time reversal
symmetry. This is why the Faraday rotation is doubled and not canceled when linearly

polarized optical beam passing through the magneto-optic material is reflected into

12



the material. This non-reciprocal phenomena is the essence of the Faraday rotator-
based optical isolators. As shown in figure [2.1] a magneto-optical isolator consists of
two polarizers inclined with each other by 45° and a Faraday rotator component with
length chosen such that it rotates the polarization by 45° in one way travel through
the rotator. Any reflected light will go further 45° rotation in the same sense of ro-
tation so that its polarization axis becomes vertical to the axis of polarization of the
first polarizer and the light is blocked from reflecting and interfering to the optical

components towards the input sides of this isolator.

Non-reciprocal
Faraday rotator

Polarizer ’.1\71’ I
. o

— !

45°
|
% I
-

Figure 2.1: Schematic of the magneto-optical Faraday rotator isolator [44]
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No P
Reflection!
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2.3 Magnet-less magnetic garnets

Magnetic garnet materials are the widely used and investigated MO materials for non-
reciprocal devices at telecommunication wavelengths of 1.3 and 1.55 ym near infrared
(NIR) because of its highest figure of merit, ratio of the Faraday rotation to the
optical loss. However many of these materials grown by Liquid Phase Epitaxy (LPE)
,sputter epitaxy or pulse Laser deposition (PLD) are multi-domain ferrimagnets and
require high magnetizing field to maintain at saturation or single domain state to
achieve its highest MO activity. This requires external bias permanent magnet such
as Samarium cobalt (SmCo)or Neodymium (Nd) magnet to be incorporated into the
device and limits its applications where small device size and weight is required. Not
only this makes the devices expensive and bulky but also it may effect other nearby
components. In the quest for finding right composition of the elemental composition,
Brandle, Jr. et al. [I8] and Abbott et al. [I9] has outlined the different dimension of
the conditions and requirements to grow these kind of materials. The results of which
is summarized in this section along with some fundamental structural and magnetic

properties of these type of materials.
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2.3.1  Structural background

MO garnets are rare-earth iron garnets (RIG) with cubic crystals structure. Each unit
cell has eight formula units of R3Fe;0;5 and each formula unit has three different

lattice sites tetrahedral (a), octahedral (d) and dodecahedral (c) lattice sites. As

11 11
(4 20) (ZEO)

:\(111) _

422 111 15
| @ Yhat G5 03P
|

| 3+

| Fe (a) at (00%)

| 2

| 3t

I Fe'(d) at © }T%)
| 0>

Figure 2.2: YIG formula unit with cations at different sublattices [44]

shown in Fig. Fe ions occupy tetrahedral and octahedral sites whereas rare earth
ions (yttrium in this figure) occupy the dodecahedral lattice sites. General chemical

formula regarding number of ions in different lattice sites can be represented as

(R3+)dodeca. (Feg+)(z)cta. (Feg+)tetra. 012

3 2
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Each formula unit has three rare earth ions R**in dodecahedral sites , 2 Fe3T ions in
octahedral sites and 3 Fe3* ions in tetrahedral sites. So the saturation magnetization
that depends on temperature (T) is given by the contribution from all three lattice
sites as

47 M,(T) = | My(T) — M, (T) — M,(T) (2.12)

where M., My and M, are the magnetization from dodecahedral, tetralhedral, and
octahedral sites, respectively. Since dodechedral sites are occupied with non-magnetic
rare earth ions such as yttrium (Y) in YIG, dodecahedral site has no contribution to

net magnetization, i.e. M.(T) =0 and (2.12)) simply becomes

A M,(T) = My(T) — M,(T) (2.13)

As there are more Fe3t ions in tetrahedral sites than in the octahedral sites, and
the magnetization due toFe3*ions in these two different lattice sites is opposite, the
net magnetization is along the direction of the tetrahedral sites. This makes YIG
(Y3Fe5015) ferrimagnetic in nature and this small magnetization provides YIG with
a small positive Faraday rotation. However when some of Y3 ions in dodecahedral
sites are partially replaced with Bi*", then it not only monotonically increases the
Faraday rotation with Bi substitution but also reverses the direction of rotation. Pure
YIG has +0r = +0.084/um while complete substitution of yttrium by Bi (BilG)

yields —0p = —7.8°/um at 632 nm wavelength. At NIR wavelength of 1310 nm,
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the FR value of YIG is 214°/em where as the highest value of Bismuth substituted
(Bi:YIG) is 4300°/cm at 1550 nm [45]. In general, Faraday rotation of magnetic

garnets depends on temperature (T), wavelength A and on sublattice magnetization

(M) as

Op sat.(\, T) = C(N)M.(T) + DN Ma(T) + AN M (T) (2.14)

Where C, D and A are coefficients that only depend on wavelength.

2.3.2 Elemental substitution for single domain

Normal ferrimagnetic garent materials have multiple domains and high saturation
magnetization. Upon application of an external magnetic field greater than or equal
to saturation magnetization, all the domains align themselves along the direction of
the applied field and essentially form a single domain. However when the magnetic
field is removed, the domains take the original random orientation of multi-domain

state. The stable condition required for the single domain state is

Hk - 47TMS > Hsat 9
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where Hj, is magnetic anisotropy field, 47 M, is saturation magnetization and H,,; is

saturation magnetizing field [46, 47]. As shown in the hysteresis loop of figure ,

M

H, — 47M,

sat

Figure 2.3: Hysteresis loop for a self bias stable condition [46]

after initial saturation, the sample can not be demagnetized until a reverse switching
field greater than Hy — 4w M,. At the switching field the sample still remains in a
single domain state with reverse magnetization. In the chemical formula of the garnet
(Bix As)(Fes.yC {)Oq2, where A constitutes one or more of the rare earth ions of Y,
Ca and elements of atomic number from 57 to 71, C is one or more of the elements
Al, Ga, Si, Ge, Mg, Mn and Zr, fraction y is in the range of 0.2 to 2. The fraction and

type of elements chosen is governed by the following requirements and constraints:

1. To keep single saturated domain state, the saturation magnetization 47w M, <
100 Gauss must be maintained over the typical device operating temperature

of —40°C to 80°C. At the same time, the switching field H,yien or equivalently
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coercive field H. should be > 500 Oe at room temperature so that the bias-
free MO film is not affected by surrounding conditions while used in an optical
circuits. Diamagnetic ions, which preferentially substitutes Fe in tetrahedral
site and do not have an inverse relation with temperature of their contribution
to saturation magnetization to keep Curie temperature high and transparent
in NIR wavelength range, are preferred for replacing iron ions. Ga ions are
more suitable in this regard than any others. So Fe ions in tetrahedral sites are
replaced with Ga ions. Europium (Eu)and Holmium (Ho) ions of proper con-
centrations C(Eu) < C(Ho) are also candidates for this requirement to reduce
the saturation magnetization by doping in dodecahedral sites. Maintaining the
Eu-ions concentration less than that of Ho-ions will helps to incorporate more
Bi ions by reducing the lattice parameter and closely match with that of the

substrate CMZ:GGG.

2. To have a high Faraday rotation, higher Bi-ion doping is preferred. Splitting
of excited states of Fe3* ions due to enhanced spin-orbit interaction with Bi
substitutions is well accepted theory behind higher MO effect [48], 49]. However
a higher substitution of bismuth results into larger lattice parameter, thus, only
certain level of Bi substitutions is allowed to keep the lattice parameter closely

match with that of the available substrate for good quality crystal growth.

3. The lattice parameter (LP) mismatch between the MO film and the substrate
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should be within the range of 0.006 A° and 0.012 A, i.e.

—0.0124° < LP(film) — LP(CMZ : GGG) < 0.006A4°

where CMZ:GGG [(GdzsCag.32) (Gag.0aMgo 32Z10.64) GagOia] is the high qual-
ity single crystal substrate material available for LPE growth of MO garnet.
Since the substrate has a lattice parameter between 12.486 - 12.510 A°, the
bismuth substitution is constrained to 1.2 per formula unit, i.e. = < 1.2. As
about 470 pm thick MO material is required for full 45° Faraday rotation as-

! as the highest reported specific FR of LPE grown garnet

suming 0.096° pm~
on CMZ:GGG substrate, the lattice match should be within the above range to

maintain the high quality of the film, otherwise dislocations in the crystal and

film cracking may cause degradation in the film quality.

2.4 Motivation towards magnetless optical isolator

Optical isolators are the major components in the photonic circuits that are not yet

fully developed to provide greater than 30 dB of isolation and less than 1 dB of

insertion loss. Because of this a full functioning photonic integated circuit has not

been realized. Numerous researcher are devoted in this device that would provide the

necessary merits to be used in a on-chip laser by reducing its size. Previous works

20



on isolators using different designs such as Mach-Zehnder interferrometer (MZI), ring
resonators, non-reciprocal mode conversion (NRMC), Quasi-Phase matching (QPM)
FR etc. have been able to produce either one of the merits but not the both [111 22
25, 27, BOH58]. Recent work from MIT group [57] has developed an isolator with
40 dB of isolation and 3 dB of loss. However their device has still more loss than
desired in a on-chip isoltor as well as external magnet is still needed to magntize

the MO element. Moreover, devices based on ring resonators concept will have low

Table 2.1
Previous works on optical isolators based on different designs and their
performances.
Device | Isolation | Insertion | Device Need
Literatures designs ratio loss length biasing
(dB) (dB) (mm) | magnets ?
Shintaku et. al.[51] | NRMC?* 27 8-11 4.1 Yes
Shintaku et. al.[I1] | NRMC 24 4.6 3.15 Yes
Shintaku et. al.[50] | NRMC 13.3 6.3-8.1 4.5 Yes
Shoji et. al.[24] MZIP <21 > 8 4 Yes
Shoji et. al.[52] MZI 27 14 0.5 Yes
Shoji et. al.[59] MZI 30 13 0.5 Yes
Ghosh et. al.[25] MZI 25 14 0.9 Yes
Ghosh et. al.[53] MZ1 32 22 3 Yes
Zhang et. al.[54] FR¢ 11 4.6 4 Yes
Huang et. al.[55] MZ1I 29 9-11 1 Yes
Huang et. al.[50] Resonator 32 2.3 0.07 Yes
Bi et. al.[27] Resonator 19.5 18.2 0.29 Yes
Du et. al.[57] Resonator 40 3 0.3 Yes
Fujita et. al.[23] MZI 19 13 8 Yes
Levy et. al.[22] FR 27 7 3.5 Yes
This work FR >30 ~0.5 0.5 NO

» NRMC (non-reciprocal mode converter).
b MZI (Mach-Zehnder interferrometer).
¢ FR (Faraday rotator).
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bandwidth. The Table 2.1l shows the collection of isolators devices and their size and
merits. So foremost challenge is to get rid of external magnet to magnetize the MO
material. This work is committed towards this goal and we have achieved > 30 dB
of isolation and < 1 dB of loss. The details of the work is discussed in the further

sections of this chapter.

Liquid-phase-epitaxially-grown bismuth-substituted iron garnet mono-crystal ma-
terials are regularly used in technologically-important nonreciprocal photonic
components, including optical isolators, circulators and switches. These materials
are especially valued for their high-optical quality, particularly low-loss and large
Faraday rotations in the infrared telecom wavelength range. Latching Faraday-
rotator LPE iron-garnets have the additional remarkable attribute that they do not
require bias magnets for their operation. This significant feature makes it possible to
greatly reduce rotator device size relative to designs that require an external applied
magnetic field. At a 1.55 um wavelength they typically display 0.43 dB/cm optical
absorption and 938 deg/cm Faraday rotation, making them ideal nonreciprocal
device materials.

The key to magnetless operation resides in the composition of the garnet. A
saturated magnetic state without bias magnets is achieved through maximizing
the incorporation of europium (Eu) as discussed in section in order to reduce
the saturation magnetization of the garnet without creating a compensation point

[18, 19]. The nominal composition of the garnet is Bix(EuzHo;.7)3xFes.yGayOq per
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formula unit. These materials are grown on (111)-oriented single-crystal Ca/Mg/Zr-
substituted gadolinium gallium garnet (CMZ-GGG) substrates and their integration
into silicon or into other non-compatible platforms has not been demonstrated.
As grown, their magnetization axis is normal to the plane of the film (FigP2.4(a)).
Therefore the on-chip integration of these Faraday rotators into alternative platforms
requires post-LPE-growth manufacturing to form a new thin-film-plane. Its normal
should be perpendicular to the growth direction, as in Fig. [2.4(b). The optical
propagation axis must be along the magnetization direction.

This part of the work details the fabrication of such films and their integration
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Figure 2.4: Geometry of the latching Faraday rotators. The magnetization
direction is normal to the large faces. (Drawing not to scale.)

into silicon-on-insulator (SOI) and other platforms. It is shown that processed films
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via mechanical thin-down lapping retain their magnet-less latching character and
their original bulk Faraday rotations without re-poling to within experimental error.
Film-transfer onto silicon photonic chips by crystal-ion-slicing is also described. This
latter technique was originally introduced by Levt et al. for non-latching iron garnets
[60] and is here extended to latching materials . Tests show that ion-implanted
samples exhibit minimal changes in magneto-optical properties from the bulk, and

excellent optical transmission, as detailed below.

2.5 Processing and magneto-optical properties of

mechanically processed thin-films

Anti-reflection-coated 480 pm-thick, 10 x 10 mm? latching Faraday-rotator pieces
were procured from Integrated Photonics, Inc. These materials retain their mag-
netization without externally applied magnetic fields for their operation. The
pieces were cut to produce 45° rotations at normal incidence. Faraday rotation
and insertion loss measurements on the as-procured samples at 1.55 um wavelength
performed in our laboratory yielded 44.3° 4 1.3° and 0.02 dB, respectively.Strips
measuring 2 mm x 10 mm x 480 um were cut off from the original pieces, with

the magnetization direction along 480 pm-long side. The 2 mm x 10 mm facets
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remained anti-reflection-coated on both sides. These strips were crystal-wax-bonded
to silicon platforms and the side was thinned down via diamond-film lapping. The
finest diamond particles size used for polishing was 0.25 um. Films of three different
thicknesses 11 um, 50 pum, and 300 pm were produced and measured. Figure
insets show scanning-electron-microscopy (SEM) micrographs of 11 pum,and 50 pum

thick films.

11 um-thick LPE|Film Facet

11 pm

hotode 22 Thick

facet

\ R detail

. Analyzer =544
200 A
A2 1 205 ”"""""%T” ~ Microscope Objective

50 um-thick LPE Film detail

Optical Fiber

Figure 2.5: 50 pm thick film cross-section SEM images, with schematic
depiction of the optical fiber and detection components used for Faraday
rotation testing. Inset on the left shows the top side of the 50 ym thick film
whereas inset on the right is the cross-section image of 11 pm thick film.
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2.6 Measurement Set up

Figure depicts the Faraday rotation testing setup used to characterize the pro-
cessed films. A single mode lensed fiber couples linearly polarized light set by digital
polarizer controller (Agilent 11896A) into the Faraday rotator. A 10X microscope
objective collimates the beam through sample and is split into two beams by a 60%

/40% non-polarizing beam-splitter. A Glan-Thompson polarizer with sub-degree pre-

LabVIEW | .
| Monitor
igrooi I

IR Camera

Polarization
Controller

1, 2: Beam Splitters

l'. e -

lensed

. ' Fiber

Glan-Thomson Microscope Thin Faraday
analyzer Objective Rotator film

Power
Meter

Photo
Detector

Figure 2.6: Testing set-up for measuring Faraday rotation in the latching
iron garnet film samples. The inset shows the diffracted output image from
the 11 pm-thick film. It also shows a top view of the lensed fiber tip and
the top surface of the film.

cision and a photodetector (Ophir PD300-IR) with nano-Watt (nW) resolution, and

15 Hz sampling rate, is used to analyze one of the beams. The other beam is utilized
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to visualize the shape and intensity output profile using infra-red CCD (charge cou-
pled device)camera (Hamamatsu)and a monitor screen. The light is confined along
the direction of index variations but diffracts laterally in the film, as evidenced by

the output image (Fig inset) from the 11 pm-thick sample. Faraday rotations,

Forward No Sample Backward
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Normalized Power
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Figure 2.7: 360" analyzer rotation scans with and without 11 pm -thick
sample in the beam path.

insertion losses and extinction ratios for three mechanically polished films, all without
re-poling (re-magnetized), are shown in Table 2.2} Extinction ratios are defined as the
power ratios between minimum and maximum transmission powers for the Faraday
rotations, in dB. For the purposes of this table, we define Faraday rotation as the
direction of the semi-major axis of the rotated polarization ellipse. The rotations are
exhibited for opposite propagation directions, where forward propagation is defined

in the magnetization direction. Uncertainties correspond to one standard deviation
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from the average values of several measurements in each case. Also displayed in the
table is the response for the bulk material. The polarization response of the 11 um
-thick film as a function of analyzer angle for one of these measurements is shown in

FigR.7]

Table 2.2
Faraday rotations(FR), extinction ratios (ER) and insertion losses (IL) for
mechanically polished films without re-poling.

Sample FW-FR BW-FR ER IL

Bulk 44.7° 4+ 0.9% [ 44.5° 4+ 0.6° -30 dB 0.02 dB
300 pm — thick |45.2° 4+ 1.0° [ 44.3° 4+ 0.9° -30 dB NA

50 um — thick |45.6° 4 0.8° [44.2° 4+ 0.5° -30 dB NA

11 pm — thick [46.7° +£2.1°141.9°+1.9°| —-20.5+2.0 dB|0.09+0.01 dB

2.7 Mode birefringence and Faraday rotation

Slab waveguides introduce a disparity between transverse-electric (TE) and transverse
magnetic (TM) mode indices (linear birefringence) in addition to the existing circular
birefringence inherent in the Faraday effect. As a consequence, the output polarization
acquires some degree of ellipticy and suffers rotational departures from that of the
bulk material. However, it was found that this effect is negligible for 300 um - and

50 um -thick films, and is relatively small for 11 pm -thick films.
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In the presence of linear birefringence, the otherwise circularly-polarized counter-
gyrating normal modes of the Faraday rotator become elliptically polarized, and their
phase difference after any given propagation length L changes as well. Given an in-
trinsic Faraday rotation angle per unit length 6 and linear birefringence between TE
and TM modes ntg — nty , the phase mismatch between counter-gyrating elliptical

normal modes after a distance L becomes

= 2L\/(6p)2 + E (s = noray)| i (2.15)
where ) is free space wavelength. Taking into account the calculated geometrical
birefringence nygp — nra for an 11 — pum -thick iron-garnet slab with crystal bond
bottom cladding yields the following polarization rotations and extinction ratios for
the first four waveguide modes in Table [2.3] These are obtained making use of the
calculated phase mismatched from Eq.. We assume, the film index = 2.35,
bottom cladding index = 1.5277, and wavelength of light A = 1.55 um . Notice that
the observed 11 — um -thick film extinction ratio displayed in Table is consistent
with the detrimental presence of higher-order modes in the slab waveguide. Other
effects such as film-surface roughness and stress birefringence cannot be completely
ruled out. A single-mode waveguide (SMW) structure with square cross-section can
eliminate detrimental higher order modes as well as geometrical birefringence as the

boundary condition for both TE and TM components become the same for square
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Table 2.3
Calculated polarization rotations and extinction ratios for the first four
waveguide modes of an 11 um thick iron-garnet slab at A = 1.55 um .

Waveguide g — Tipag Polarizz?tion Extinc.tion
Mode Rotation Ratio
Fundamental 0.000025 45.17° —34.0 dB
First 0.000103 45.30° —23.7dB
Second 0.000231 45.50° —15.9 dB
Third 0.000414 45.90° —11.7 dB

geometry. Fabrication is achievable through additional processing (thinning and pat-
terning)and the SMW geometry should, theoretically, yield extinction ratios higher

than -30 dB, as predicted in Table [2.3]

2.8 Polarization rotation tests on slab waveguides

formed by ion implantation

Crystal ion slicing proceeds via energetic He-ion implantation into metal oxides
[60, 61]. In this work, the ions were accelerated to an energy of 3.5 MeV and de-

2

posited at a dose of 5 x 10%m~2. Rapid thermal annealing (RTA) under nitro-

gen flow for 30 sec. in the temperature range 700°C to 800°C produced the best
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results. A low refractive-index sacrificial layer due to the implantation forms be-
low the surface that is then etched away to detach the top film from the rest of
the sample. This sacrificial layer can act as a cladding layer for slab waveguiding

prior to detachment. The Faraday rotation and insertion loss of linearly-polarized
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Figure 2.8: Fiber coupling configuration on one of the AR coated facets
of the sample (480 pm in length along the direction of propagation) with
top polished surface, inset shows the higher order mode profile from the ion
implanted planar waveguide structure,(Note: the sacrificial layer formed due
to ion implantation has lower index of refraction and serves as a cladding
layer of the slab waveguide thus formed.

light passing through these slab waveguides were characterized for different post-
implantation rapid-thermal-annealing (RTA) preparation conditions. It was found
that the magneto-optic response depended on RTA, approaching bulk material re-

sponse at higher tested annealing temperatures. The output intensity profile after
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propagation is shown in the inset in Fig. [2.8. End-fire coupling (also known as
butt coupling) from the lensed fiber onto the anti-reflection (AR) coated facet of the
slab waveguide is also shown. A comparison of the magneto-optical response in the
ion-implanted slab waveguides with the mechanically-thinned-down films evinces a
more pronounced polarization ellipticity and somewhat larger departures from bulk
Faraday rotation. These more pronounced departures from bulk behavior in the ion-
implanted slabs are consistent with a smaller waveguide thickness and the presence
of high-order waveguide modes. Table compares the performance in these two
types of waveguides. The polarization ellipticity amelioration at higher RTA tem-
peratures, referred to before, is also consistent with implantation-damage repair and
segregation of residual crystal defects away from the waveguide core and towards the
sacrificial layer. Figure shows 360° analyzer rotation scans with and without the
ion-implanted sample in the beam path, without re-magnetizing with external mag-
net.

Table shows the calculated departures from intrinsic Faraday rotation and power
extinction ratios in 8 pm-thick slab waveguides as a result of mode birefringence.
These results are consistent with the more pronounced departures as compared to
the 11 pum-thick film. Insertion loss data in the ion-implanted slab waveguide was
also measured at wavelength and found to be 0.12£0.01 dB, slightly higher than the
0.09 + 0.01 dB in the unimplanted sample (Table [2.4)). We tentatively ascribe this

higher optical loss to residual post-anneal implantation-induced lattice damage in the
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Table 2.4
Comparison of the magneto-optical responses: Forward(FW) FR, backward
(BW) FR, extinction ratio (ER) and insertion loss (IL) of ion-implanted
slab waveguides with mechanically-thinned-down films.

WG FW BW ER IL

thickness FR FR dB dB

11pm 46.7°+2.1° | 41.9°4+1.9° | —20.54+2.0 | 0.09 £ 0.01

pum 449 40.7° —17 0.124+0.01

(implanted)

Forward No Sample Backward
1.0

0.8

0.6

0.4

0.2

Normalized Power

0.0
0 45 90 135 180 225 270 315 360

Analyzer Rotation Angle (Degrees)

Figure 2.9: 360° polarizer rotation scans with and without the sample in
the beam path (No external magnetizing field). Data at 1.55 um wavelength.

core and cladding lattice defects in the optical waveguide.
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Table 2.5
Calculated slab waveguide mode polarization-rotation departures from 45°
(semi-major axis of polarization ellipse) in Faraday rotator due to mode
birefringence. Slab and substrate refractive indices are assumed to be 2.35
and 1.95, respectively. Slab thickness is 8 um .

Waveguide Mode | Departure from 45° | Extinction ratio
Fundamental +0.4° —28.5 dB
First +0.5° —15.9 dB
Second +3.4° -9.5 dB
Third +10.4° —4.6 dB

2.9 Crystal-ion slicing of magnetless thin-film

Faraday rotators

Crystal-ion-slicing involves the ion implantation of energetic light ions to generate a
sacrificial damage layer below the sample surface [60, 61]. This induces differential
etching that undercuts the top layer when the sample is immersed in phosphoric acid
to release the film. Rapid thermal annealing prior to etching repairs residual damage
due to the ion trajectories above the sacrificial layer and enhances the differential
etch rate with the sacrificial layer. Prior work has shown crystal ion-sliced trans-

fer of magnetic garnet films onto GaAs platforms [60]. Here a similar process was
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used to demonstrate the transfer of bias-free latching iron-garnet films onto tempo-
rary handle substrates and characterize their Faraday rotation and insertion losses
after ion-implantation prior to slicing. Future work will characterize their magneto-

optic properties after full transfer. Latching Faraday rotator samples were prepared

Temporary handle wafer

7 nm - thick

Figure 2.10: Magnetless iron-garnet films on temporary handle substrate
after ion slicing (left). Detail on the right panel.

for ion implantation to produce in-plane magnetized crystal-ion-sliced films, with
magnetization axis along the propagation direction, as in Fig. 2.4, The as-received
10 mm x 10 mm x 480 pwm samples were cut into strips 10 mm x 1 mm x 480 um
using a precision dice polishing process [62]. Strips were then mounted for implan-
tation normal to the 10 mm x 480um face in order to form optical slab waveguides
for Faraday rotation and absorption loss measurements prior to wet-etch and release
of the films. After implant, additional dice polish trenching of the implanted surface
was done to form 50 um wide rectangular features of various lengths from 100 pum to
480 pm . After bonding to a temporary handle wafer, crystal-ion slicing was done by

wet etching to transfer the iron garnet films to the handle wafer. Figure shows
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arrays of transferred films on a temporary handle wafer.

2.10 Transfer to silicon photonic substrates

Magnetless IG Film

Magnetization Direction < 111 > IG Film
Bond Layer

Si Photonic Waveg ide Core

Oxide

Silicon Substrate

Figure 2.11: Magnetless iron garnet (IG) film bond-align transferred to
a silicon photonic substrate (a) top microscope image of bond-aligned film
and (b) side view illustration showing the various material layers.

Temporary mounted sliced magnetless iron garnet films of 7 pm thickness were bond-
aligned and transferred to silicon photonic substrate by permanent adhesive bonding.
An example of a bond aligned film is shown in Fig2.11 The film may be made
to vertically couple to the underlying silicon waveguide by evanescent, reverse taper,

grating, or other coupling methods. Alternatively, the film may be aligned and placed
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in a pre-milled slot in the silicon photonic substrate.

2.11 Adhesive bonding of polarizers with MO film

for full functioning MOI device

Adhesive bonding is a kind of wafer bonding technology in which an intermediate layer
of material like UV epoxy, SU-8, Benzocyclobutene (BCB), etc. connects substrates of
different type of materials. UV epoxy is often used in fiber optic applications because
of its high transparency in IR and NIR spectral ranges and low tamperature curing
[63] where as SU-8 and BCB bonding are well established in microelectromechanical
systems (MEMS) and nanoelectromechanical systems (NEMS) for stronger bonding
and their foundry compatibilty (resistant to numerous acids, alkalines and solvents)
[63, 64]. The hardening or curing of the bonding materials is done by applying pres-
sure, UV light exposure, heat treatment, etc. UV epoxy is cured at low temperature
150° C where as BCB needs higher temperature ~ 200 to 400°C. Low outgassing
UV epoxy (Epo-Tek 353 ND) and BCB bonding techniques were used in this work
to bind two ultrathin PolarCors from Corning [65] at 45° angle to each other with
MO films sandwiched between them. These ultrathin PolarCor glass polarizers are
~ 30 pm thick and has > 23 dB extinction ratio and > 98% transmission at 1550 nm

wavelegnth.

37



2.11.1 Characterization of MOI with UV epoxy bonded Po-

larCors polarizers

2.11.1.1 Forward transmission measurements

(a) Analyzer’s starting . E;, Eas (b) Analyzer’s starting g, Eqy; Ess
scan axis scan axis

Scanp E
tog, &
G,

Forward Transmission Measurement Backward Transmission Measurement

Figure 2.12: Schematic of the front view (a) and backside view (b) of two
ultra-thin PolarCors (2 mm x 1 mm) bonded on two opposite sides of MO
Farady Rotator sample. Numbers inside circles represent different spots on
the sample chosen to measure to locate the region where light makes through
the sample and both the PolarCor polarizers.

As shown in Fig. of the schematic diagram of the two PolarCor polarizers bonded
on two opposite sides of the magnet-less MO Faraday rotator at relative inclination of
459, different points on the samples (sky blue circular spots) are measured to find out
the region where the light actually makes through both the PolarCor polarizers. The

spots labeled as “middle and bottom corner” are the ones where both the polarizers
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have overlapping regions and light passes through both of them. The other two spots
are the ones where light just goes through only one of the two polarizers. Most of the
measurements are carried out by making the polarization of the input light parallel
to the polarization axis of the front PolarCor polarizer (in this case, the PolarCor
film at 45° angle). Since the PolarCor film has its axis of polarization parallel to its
width (1 mm length side), an input polarization state that makes 135° angle to the
horizontal direction (See Fig. ) is prepared and used as the input state to allow
most of the light go through the front polarizer. In addition, the measurements are
also taken for other two states of polarization: horizontal (TE) polarization and the

polarization axis at 45° to the horizontal as shown in Fig. [2.13]

= Without Sample, No PolarCor, Input Polarization at 135°
— — With Sample, Both PolarCor, input pol. Axis at 135°

With Sample, No PolarCor, input Polarization at 135°
ese00e With Sample, Both PolarCor, input pol. Axis TE (horizontal)
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Figure 2.13: Forward power transmission measurement of MO isolator by
360° scan rotation of analyzer with different input polarizations conditions
as specified in the legend on top of the graph ( note: black colored lines share
vertical axis on left side where as red colored line takes vertical azxis on right
side of the graph)
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Out of 0.97 mWatt of maximum input power (power through sample but with “No
PolarCor polarizers”- thinner green solid line in Fig. below), 0.903 mWatt power
goes through both the PolarCors and the sample resulting in a loss of only about

~ 0.31 dB. The extinction ratio is > 30 dB.

2.11.1.2 Backward transmission/isolation measurements

No sample, No PolarCor, TE , Backward
— With sample, without PolarCor, TE, Backward
--------- With Sample, Single Polarcor, TE- Backward
—— With Sample, Both polarcor, TE, backward
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Figure 2.14: Backward Power transmission measurement of MO isolator by

360° scan rotation of analyzer with different input polarizations conditions

as specified in the legend on top of the graph (note: black colored lines share

left vertical axis where as red colored line takes vertical axis on the right side

of the graph)
For the backward transmission measurement, as shown in the schematic of Fig.
(b), 9 total different spots (3 spots in the top, middle and bottom region of the

vertically placed polarcor) enclosed by circles are considered for the measurements to

find the region where the light transmits through both the PolorCors. Only horizontal
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input polarization (TE) is used to characterize the performance of the isolator in this
case. As shown in the graph of Fig. 4 below, the solid red lines are the measurements
in the region with no PolarCors whereas dashed red line corresponds to the spots
on the top region where light just goes through the front vertical PolarCor only and
misses the backside PolarCor at 45°. The purple dashed line is the one that goes
through both the polarcors and this measurement actually reflects how much light

reflects in the backward direction and is used for the calculation of isolation ratio.

2.11.1.3 Isolation ratio and insertion loss Versus wavelength scan

------- Isolation ratio with respect to forward transmitted power
Isolation ratio with respect to Total forward input power
Insertion loss
. 36 ¥ 1
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Figure 2.15: Isolation ratio and forward loss as a function of wavelength
scan [black colored solid and dashed represent the isolation ratio with ref-
erence to total input forward power (No sample, No PolarCor) and forward
transmitted power (through sample and both the PolarCors); violet line
refers to the insertion loss data].

The wavelength scan from 1480 nm to 1580 nm in steps of 0.5 nm is carried out

to measure the forward transmission power for the input polarization at 130° and
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backward reflected power for TE input polarization from the two opposite sides of
the sample as described above. The isolation ratio plotted below shows that the ratio

is > 30 dB for the wavelength between 1522.5 nm to 1564 nm.

2.11.2 Characterization of 250 ym thick (in transverse direc-

tion) MOI with BCB bonded PolarCors polarizers

2.11.2.1 Transmission and isolation ratio measurements

These samples were prepared by first bonding the PolarCors polarizers with MO
material and then cut with dicing to make pieces of 250 um in transverse direction
(Note: the thickness along the direction of propagation is 480 um designed to produce
459 rotation of polarization. Fig. below shows the polarization rotation by a
250 pm thick sample with two PolarCors BCB bonded on two opposite sides. For
transmission measurement on this sample, input polarization state at 135° angle to
the vertical was coupled through the lensed fiber and the analyzer was scanned rotated
by 360° with vertical polarization axis at the start of scan. The measurement was
carried out for both the sides of the device for two cases of forward and backward
propagation. The sample rotates by ~ 45" in opposite directions from the input

polarization direction while reversing the side. The insertion loss for 250 um sample
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at 1550 nm wavelength is 1.62 dB and it is less than 2.5 dB for the range of wavelength
scanned from 1480 nm to 1580 nm. The isolation ratio at 1550 nm is 25.13 dB and

approaches 30 dB towards end of the wavelength scan.

No Sample, No PolarCors, input pol. = 135° to the vertical
----- With sample, With PolarCors, Forward

— — With Sample, No PolarCors, Backward

—— With Sample, With PolarCors- Backward
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Figure 2.16: Faraday rotation measurement on 250 pm thick sample (rough
top and bottom surface resulted from dice cut).
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Figure 2.17: Isolation ratio and insertion loss measurements on MOI with
BCB bonded PolarCors polarizers.
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2.11.3 Transmission and isolation measurements on 60 um

thick MOI device

Figure 2.18: MO film BCB bondedwith two PolarCors polarizers (a) Top
surface of the MOI device resulted after 3 pm and final 0.5 um lapping
film (b) Lens fiber MOI assembly for the measurement. The MOI device is
attached to the edge of the carrier glass piece to bring the fiber within its
focal length.

The same sample is bonded onto a thin carrier glass substrate and thinned down
to ~ 60pum (with thin wax layer, the sample thickness is 63 um as by 3D optcial
profilometer. The diamond lapping films with particles size of 9 um, 6 um, 3 um, 1
pm and finally 0.5 um were used for thinning and polishing the surface. The optical

microscope images of top surface that resulted after lapping with 3 um and 0.5 um
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films are as shown in Fig. [2.18((a).The thinned-down sample was attached to the edge
of the carrier glass piece with some extruding part as shown in Fig. [2.18(b) of the
measurement, assembly. This allows lens fiber to be brought close enough ~ 10um
from the edge of the MOI device to couple the focused spot of input light. To measure
the transmission in the opposite direction (backward propagation), the sample was
simply re-poled to reverse the magnetization so that the sample does not have to
be bonded again with other facet extruding from the glass piece. The analyzer scan
rotation measurement of Fig. shows that the rotation of polarization by MO
material is ~ 45° in opposite magnetization conditions with reference to the input

polarization axis which is 135° to the vertical. The insertion loss on this sample is ~

No Sample, No PolarCors, input pol. = 135° to the vertical
----- With Sample, With both PolarCor, forward

----- With Sample, No PolarCor, Reverse Magnetized

----- With Sample, Both PolarCors, rev. magnetized (backward)
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Figure 2.19: 360° analyzer rotation characterization on 60 pm thick MOI
with BCB bonded PolarCors polarizers at different situations as specified in
the legend on top of the graph.(note: all other lines share left vertical axis
except violet colored line which takes right vertical azis on the graph)
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0.63 dB and the isolation ratio is 28.15 dB at 1550 nm. As can be seen in the plot of
Fig. [2.20| the insertion loss in the whole wavelength range of 1480 nm to 1580 nm is

below 1.2 dB. The isolation ratio exceeds 30 dB at 1580 nm.

60 um thick MOI: Insertion loss and Isolation Ratio
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Figure 2.20: Insertion loss and isolation ratio vs. wavelength scan on 60
um lapped MOI with BCB bonded PolarCor polarizers.
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Chapter 3

Topological Su-Schrieffer-Heeger
(SSH) array based magneto-optic

i1solators

3.1 Introduction

The development of on-chip optical isolators for integrated photonic circuits has been
actively pursued for several decades now, especially after the introduction of optical
fiber telecommunications. Several different designs have been proposed and proto-

types implemented [22] 26], 27, 39} 54], 66-73] with different degrees of success. There
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are three main criteria that determine the quality of the prototype and its proximity
to commercialization or industrial applicability. These criteria consist of the follow-
ing: isolation ratio, defined as the ratio between the optical-power allowed to exit the
device in the backward and forward directions, insertion loss, and footprint. Usually,
the figure of merit for these devices is defined as the isolation ratio over insertion
loss. But this figure of merit does not encompass the footprint criterion, which in
magneto-optic isolator prototypes entails the reduction in size or elimination of the
magnetizing element altogether [58].

Magneto-optic systems have been extensively explored because of the nonreciprocal
character of the underlying phenomenon. This is a well-established optical isolator
technology, used by most commercial devices. Two main operating principles have
been explored for on-chip magneto-optic isolators, Faraday rotation [58] [74H76] and
the non-reciprocal phase shift effect [27, 54], [77]. Other approaches have also been
proposed and studied, such as dynamic non-reciprocity [32], opto-mechanically in-
duced non-reciprocity [78] a non-magnetic method which addresses the elimination
of the magnet, and nonlinear techniques [79]. The latter, however, do not provide
isolation for arbitrary backward propagating noise [80].

The purpose of the this work is to report on the practical implementation and per-
formance of a novel concept in magneto-optic isolator technology, namely topological

edge-state isolators in the optical regime. Topological edge- state phenomena have
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been proposed in recent years, and investigated theoretically and experimentally [8T
86]. They have been applied in the microwave regime to demonstrate unidirectional
propagation in magneto-optical photonic crystals [85]. Here we present on the exper-
imental performance of Su-Shrieffer-Heeger (SSH)-type topological-edge-state struc-
tures fabricated in liquid-phase-epitaxy (LPE)-grown bismuth-substituted lutetium

iron-garnet (BiLulG) films.

3.2 Theoretical background

In coupled waveguide arrays when waveguides are in close proximity to each other
such that they perturb each other, coupled mode theory (CMT) describes the wave
behavior in the perturbed waveguide system [87-89]. Consider the arrays of waveg-
uides as shown in figure [3.1] with inter waveguide coupling constants K,, and K
for weak and strong coupling between the adjacent waveguides. Then the field am-

plitudes in waveguides 1 to 7 [ay, as, as, ....,a;] are given by following coupled-mode
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equations for loss-less media [38]:

5
20— 83+ Koy
dz
d —
292 — K@+ By + K.y
dz
d —
Zﬁ = KS(IQ + 563 + Kw54
dz (3.1)
d —
20— Kods + B + Ky
dz
e
2 _ K. G + By
dz

where 3 is the propagation constant of each waveguide mode propagating along the

7 direction.

Figure 3.1: Cross-section of an SSH array of 7 waveguides

Concisely above equation can be written as

20



where N = 1,2,3,...,7, and the vector @ = [a@,, @y, ...., @7]7 with T : transpose of the

matrix, and

For semi-infinite SSH arrays, the amplitude of the topological edge state can be
analytically expressed as [38]

agm—1 = (=)™ /1 —1r?
(3.4)

QAom = 0
where r = K,,/K; and m = 1,2, 3, ..., with amplitude in even numbered waveguides
vanishing. Beacuse of the chiral symmetry of the system, the eigenvalue of the modes
take equal and opposite sign with zero mode eigenstate with eignevalue in the midgap
of the eigenvalue spectrum. If the array is terminated with the weak coupling bond (
waveguide 1 in Fig. with total odd number of waveguides in the arrays, then the
edge state mode (zero mode) with most of the power localized in terminated waveguide
with zero power every even channels and vanishing field amplitude in odd channels,

appears. Due to the SSH topological character, the zero mode or edge mode still
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persists even when the coupling constants are perturbed from ideal design inevitable
due to fabrication error of the device and it is robust against this perturbation.

In the non-reciprocal waveguide structures, the edge mode forces most of the light in
the edge waveguide where as in the backward propagation direction, the edge mode is
destroyed because of non-reciprocal effect and the eigenvalue of the otherwise midgap
edge mode is pushed towards the eignevalue of one of the modes of the array. The
power is then no longer localized and distributed to the other waveguides of the
arrays isolating the edge waveguide. The principle is utilized here to realize optical
isolator and the schematic depiction is shown in Fig. However the non-reciprocal
phase shift in the backward propagation direction has to be sufficient to change the
eigenvalue of the midgap state to match to that of one of the modes of the array. The

detail is discussed in Ch. 3.5

3.3 Non-Reciprocal phase shift (NRPS) in gy-

rotropic waveguide

Magneto-optic garnet materials show non-reciprocal behavior as discussed in Chap-
ter 2.2 In waveguide media of these materials, forward (FW) and backward(BW)

propagating light have different propagation constants upon transverse magnetization
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and acquire different phase for the same propagation length. This difference in prop-
agation constant or phase shift is known as the non-reciprocal phase shift (NRPS).
This effect arises due to light confinement in a gyrotropic medium lacking in spatial
inversion symmetry and is induced by the coupling of longitudinal and transverse
electric field components of the polarization rotation caused by the MO material.
Many concepts and devices have been proposed both theoretically and experimen-
tally exploiting this NRPS effect over the years on both gadolinium gallium garnet
(GGG) and siliocon on insulator (SOI) substrates [39, [59]. Since garnet materials as
cover on SOI waveguides offer more NRPS effect, focus these days has been shifted to
integrating these materials on silicon platform for both shorter device length as well
as silicon on-chip devices. However,Magnetic-garnets on SOI waveguides suffer higher
propagation loss 40 dB/cm mainly because of absorption by secondary oxide phase
formed during crystal growth processes [57, [O0]. Whereas the propagation losses in
epitaxially grown single-crystalline CeYIG films on lattice matched substrate is <10

dB /em [91].

3.3.1 NRPS in Garnet on GGG waveguide media

In gyrotropic waveguides, only the TM mode suffers non-reciprocal phase change for
in plane transverse magnetization unless a scheme of compensation wall (a magnetic

wall that divides the rib waveguide into two regions of positive and negative Faraday
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rotation) is implemented to achieve the non-reciprocal effect in TE mode with out-

of plane magnetization [92H95]. Consider the geometry as shown in Fig. where

Air Cover

BiYIG Guiding film

X
GGG Substrate |

Y

Figure 3.2: Cross-section of an planar Air/BiYIG/GGG waveguide

BiYIG or CeYIG is the waveguiding core layer on GGG substrate, air is the cover
layer, and the magnetization is along the transverse direction (perpendicular to the
propagation direction but parallel to the film plane). For loss-less isotropic magnetic-

garnet layer transversely magnetized, the dielectric tensor is given by,

€ 0 16,2
€E=] 0 ¢, O (3.5)
1€,z 0 €,

Where €,, = €,, = €., = € the permitivity of the isotropic medium and €., = g is the
magneto-optic gyrotropic parameter and is related to the Faraday rotation angle as
g ~ 2n0p ko, where n = (/e is the refractive index of medium without magnetization
and kg is the vacuum wave number. The sign of g only changes if the magnetization

is reversed, but is independent of the direction of propagation as discussed in the
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previous Chapter m For fundamental TM mode (T'M,), the electric field and

magnetic field vectors for the wave propagating in Z direction with the propagation

constant 3 are given as:

E = (E,,0, E,)exp|i(wt — z)]
(3.6)
H = (0, H,, 0)expli(wt — 82)]

Using Maxwell’s equations, the wave equation in ﬁy can be derived as,

0*H, , 0°H, O°H, _n’0*H,

x| oy | 022 2 o (37)

Considering the wave amplitude doesn’t change in y-direction and optical confinement

0H.
takes place only in x-direction, i.e., 8_y =0, Eq.(3.7) can be simplified to
Y

0*H
axzy —+ (k?()QEeff — 62) Hy =0 (38)

where

kg = wz/CQ, €eff = €2z — eiz/em =€— g2/e
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The dispersion relation then can be solved using boundary conditions in substrate-

core, and core-cover interfaces (also discussed in Chapter as [96],

d+/ kEEeff — (% = tan™*

+tan~t

€eff VB — ke _ DPg
\/k:geeff—ﬁQ €e EEeff

€eff B — kgﬁs Bg
\/W €s € €cff

)

)

(3.9)

where €., € and ¢, are the permitivity of cover (air), film (BiYIG or CeYIG), and

substrate layers

respectively, and d is the thickness of the guiding MO film. The
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Figure 3.3: NRPS variation with garnet film thickness on Air/Gar-
net/GGG waveguide with parameters A = 1.55um, n, = 1.93 , ny ~ 2.22
and n. =1

linear term of propagation constant § has opposite signs for forward (+3) and back-

ward propagation(— /) propagation direction. SO the solution of the equation results
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into different propagation constant for forward (5orw.) and backward (SBpackw.), i-€.,
Bforw. 7 Brackw. Propagation for the same thickness of the film. The NRPS is defined

as

2T

NRPS (6ﬁ) = Bforw. - Bbackw. = 7(”—}- - n—) (310>

where ny and n_ are the effective indices or mode indices of the fundamental (7"My)
mode in FW and BW direction with clockwise and anticlockwise helicities. The plot
of is as shown in Fig. for Air/Garnet/GGG structure as a function of
thickness of the guiding film of BiYIG for different values of the gyrotropy param-
eter that would vary for different amount of Bi/Ce substitution in the YIG garnet
sublattices [8HI7, 97, O8], and also on different film growth condition as well as the
type of substrates chosen for growth. Reported values of the gyrotropy value g in the
literature varies from 0.0004 (corresponding to FR of ~ 214Y per cm for Pure YIG
[67, 98, 99]) to 0.0091, (corresponding to FR value of 4800° per cm for CeYIG on
GGG substrates [13]). The gyrotropy value of g = 0.002 corresponds to the measured
Faraday rotation 938°/cm of the LPE grown BiLulG (Bigg4Lus03Fes2GaggO1s) gar-
net film used in this work on CMZ:GGG [(Gda6sCag.32) (Gay.0aMgo 32210.64) GagOio]
substrate with index of refraction as measured from ellipsometer as 2.22 and 1.93
for film, and substrate, respectively, at 1550 nm wavelength. NRPS is maximum at
0.49 pm thick BiLulG film. For that reason all the waveguides fabricated in this work
were thinned down to about 500 nm from their original thicknesses of 2 pym in the 2

inch wafer.
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3.3.2 NRPS in garnet on silicon on insulator (SOI) waveg-

uide media

When a garnet layer is used as the cover layer on silicon (Si), the guiding film and
SiOy as the substrate (Fig. , the index contrast is higher between substrate-
film and film-cover interface than in the BiYIG ( n ~ 2.22) on GGG (n ~ 1.45)
waveguide geometry. The waveguide modes are highly confined in the film region on

SOI waveguide because of this high gradient in indices. Similar to above Eq. (3.9)),

BiYIG/CeYIG =222

AV AN

Figure 3.4: Cross-section of an planar Garnet/Si/SiO9 waveguide

the dispersion relation for TMy mode in “Garnet/Si/SiOs” structure can be derived

as [100],

/5% — k2e, 1
k2, — B2 = tan™" €f B 0€eff 4 Bg
Vker = 52 Ceff €f €eff ) |

(3.11)

+tan™! i P — ke
\/ kgef — 62 €s |
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The variation of NRPS in Garnet/Si/SiOs planar waveguide structures as a function

of Si film thickness for different garnet materials on top with three different gyrotropy

parameter values 0.0004, 0.002, and 0.0091 (the same values used in the plot of Fig.

but on SOI substrate) is as shown in Fig. [3.5] The NRPS has its peak value

NRPS (rad/cm)
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Figure 3.5: NRPS variation with Si thickness on Garnet/Si/SiOy planar
waveguide with parameters A = 1.55um, ng = 1.45 , ny = 3.47 and n. ~ 2.22

at ~ 0.2 pm Si film thickness and increases linearly with higher gyrotropic values

(see inset of Fig)3.13)). Notice that the NRPS value in Garnet/Si/SiOs structure is

about 3x larger than in Air/garnet/GGG for the same gyrotropic material used [100].

However it is used as guiding film in the former and as upper cladding (cover) in the

next.
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3.4 Magnetization Gradient induced gyrotropic
gradient

(a)
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Figure 3.6: Illustration of scheme of achieving gyrotropic gradient with the
field due to thin film magnet below saturation magnetization of the garnet
material. (a) Hysteresis curve of gyrotropy, linear dependancy with applied
field (H) below saturation.(b) Magnetic field variation with distance from
pole of a thin film SmCo magnet (4mMgq:. = 9000 Oe) of three different
thicknesses 10 um, 5 um and 2.5 um with steeper field gradient for thinner

magnet. (c) schematic of waveguides in the arrays experiencing different
gyrotropy because of their positions from the magnet.

Tuning of propagation constants plays crucial role in the system of non-reciprocal
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waveguides arrays designed to manipulate light differently in the FW and BW di-
rections of propagation. One way of doing that is by creating the gradient in the
magnetic field due a thin film magnet. As the field due to thin-film magnet has
almost exponential decay of the field with distance (Fig. |3.6] (b)) [22] B1], the waveg-
uides in the arrays at different distances from the magnet can have different gyrotropic
values (see Fig. [3.6] (a)) and thus differnt NRPS, even though they are made up of
the same garnet material. This is valid only below the saturation field, above which
all are magnetized equally. For example, in Fig. [3.6|(c), the garnet material of waveg-
uide closest to the magnet gets higher g value and others farther away gets lesser g
values. Fabricating an integrated thin film magnet closer to the one side of the array
or directly on top of edge most waveguide can fully magnetize the waveguide closest
to the magnet leaving others partially magnetized. Alternatively, a reverse field can
also be applied to nullify the effect in remaining waveguides other than the closest to
the thin film magnet. Magnetizing only the edge waveguide or atleast creating high
gradient in the gyrotropy value exploiting non-linear decay of field from thin film
magnet with distance is one of the design aspects of this work based on topological

edge-mode as discussed further in the following sections.
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3.5 Design and operating principle of Su-Shrieffer-
Heeger (SSH) edge modes-based optical isola-

tor

The proposed device consists of a seven-waveguides array Su-Shrieffer-Heeger (SSH)
construction, as depicted in Fig. SSH constructions create a topologically
protected edge state mid-gap in the photonic band structure generated by the
waveguide array [38, R, 83, 84]. SSH edge states form in the coupled waveguide
arrays with alternating strong and weak coupling constants Kiand K, respectively,
(i,e. Ks > Ky) and an odd number of waveguide channels [38]. This construction
gives rise to a topologically protected normal mode propagating on one edge in the
array. The topologically protected state results from the alternating inter-waveguide
coupling constants and prevents the light from diverging into the bulk of the
array. The ratio K,,/K; determines the level of protection of the edge state against
departures from uniformity in Ky or K, across the array, or in propagation constants
in the individual array channels [81]. The nonreciprocal magneto-optic effect induces
a change in propagation constants in the backward direction that destroys the edge
state, as discussed theoretically in [38]. Our measurements show that this device

delivers < 2 dB of delocalization of optical power from the edge-state, and better
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than 25 dB of extinction in the farthermost channel from the edge waveguide, in the
three arrays studied. Fig. shows schematically the beam propagation structure
based on this principle.

The experimental results presented below report the edge-state selectivity corre-

Figure 3.7: Schematic of an SSH array, green arrows indicate the edge
mode state during FW propagation where most of the power is localized in
edge WG and red arrows represent the bulk mode state for BW reflected
light where light undergoes discrete diffraction to the other waveguides

sponding to the power reaching the output channel in the forward direction when
light is coupled to the edge state channel vs other channels in the SHH array.
Spreading of the power in other channels from the edge state can be minimized
by engineering metallic optical absorbers as discussed in [38], without affecting the
forward output power.

Liquid-phase-epitaxy(LPE)-grown iron-garnet core waveguides on lattice-matched
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garnet substrates were used to fabricate the devices reported in this work. These
generally generate lower power-absorption losses than through other fabrication
techniques [8, O 27, 56, 66, 67, 10T]. At the same time, they do not deliver as
large a nonreciprocal phase shift [30] as sputter- or pulsed-laser-deposited iron
garnets on silicon waveguides [102] for two reasons. First, the level of bismuth or
cerium substitution, needed to enhance the magneto-optic gyrotropy over that of
pure yttrium iron garnet (YIG), is lower in LPE-grown films due to substitutional
saturation conditions in the growth melt. Second, having the iron garnet as a cover
layer on high-index core films such as silicon, generates a larger NRPS effect as a
result of magneto-optic helicity biasing in the evanescent tail. Conclusions about the
performance of higher magneto-optic gyrotropy materials are also drawn from our
experimental data.

The footprint of the SSH arrays depends on the strength of the magneto-optic
gyrotropy parameter in the Bi-substituted iron garnet film, and on the K, /K ratio
in the SSH structure. Nonreciprocal power transfer between the two channels in
opposite propagation directions is a function of the corresponding nonreciprocal
phase shift. A stronger coupling constant between the channels requires a stronger
gyrotropy parameter for smaller footprints, full power transfer in the backward
direction and optical revival in the edge-state channel in forward propagation.
These gyrotropy values range from ~ 0.0003 to 0.002 depending on the level of

bismuth substitution in the iron garnet at an 1.55 um wavelength. Higher values
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~ 0.0086 (upto 0.0091 [I3]), are attainable in Ce-substituted iron garnets [8], 9] 111 27].

3.6 Fabrication and device specifications

The topological edge state waveguide arrays were fabricated on LPE-grown films
of bismuth-substituted lutetium iron garnet film (Bi:LulG) with composition
Bi;LusFey 3Gag 7012 on (100) gadolinium gallium garnet (GGG). The schematic of
the process flow from thinning the film to e-beam lithography (EBL)steps is shown
in[3.8 The iron garnet films were initially etched down to ~ 500 nm-thickness (little
more than 490 nm thickness at which NRPS is maximum, see Fig. from thick
virgin films by wet etching in ortho-phosphoric acid at 150° C and cleaned with deion-
ized (DI)water . The etching rate of both ZEP e-beam resist (3.1 nm per minute) and
the BiLulG films (2.6 nm per minute) were first characterized in the Ar ion milling
system to find the proper thickness of the resist, as too thick resist may affect on the
resolution of the pattern and too thin would not serve as the mask while etching down
250 nm deep. As the desired etch depth was 250 nm, about 350 nm thick ZEP pos-
itive e-beam resist was spin coated on the film at spin speed of 4000 rpm (revolution
per minute), acceleration of 1500 rad/cm? and total time of 45 sec. The resist was
then baked at 180°C for 3 minutes. A 30 nm-thick gold layer was sputter-deposited on

top of resist to avoid electron beam charging while writing on the insulating Bi:LulG
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film. Vistec EBPG5000+ e-beam tool was used to write the patterns on the resist
with exposure area dose of 150 uC'/em? with 5 nA beam current for which beam spot
size is 5 nm. 8 mm long waveguides arrays were formed by the beam through multi-

ple stitching at a writing field of 500 um x 500 pum. After the e-beam exposure, the

Thinning down

Phosphoric acid
(150°C)

Resist + Au (ZEP positive
layer coating @E-beam resist)

E- beam writing

Au layer | | (Gold
removal Etchant)

(develop)

—

(Amyl Acetate)

Argon Ion
illing

Resist Stripping

{——

(NMP, 80° C)
(Au layer)  30nm
(ZEP e-beam resist) 350nm
Garnet (BiLulG) film 500 nm
GGG substrate 0.6 mm

Figure 3.8: SSH array fabrication process flow with electron-beam lithog-
raphy (EBL).
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thin gold layer was removed by wet etching in gold-etchant for 1 minute and rinsed
with DI water. The exposed resist was then developed in amyl acetate solution for 1
minute and rinsed with isopropyl alcohol (IPA). These patterns were then transferred
into the Bi:LulG film by argon-ion beam milling (Nanoquest II ion milling system
from IntlVac) using slow milling recipe with the following beam parameters; beam
Voltage =200 V, Beam current = 70 mA, Accel. Voltage =24 V, and Forward power
of plasma = 73 Watt. The sample holder was rotated at 10 rpm and cooled at 6° C
throughout the process for uniform etching, tilted at 75° to the ion beam to prevent
re-deposition on the side walls of the resist structure. 225 nm waveguide ridges were
obtained after 80-minutes of milling. The remaining resist coating was removed by
soaking in N-methyl pyrrolidine (NMP)for half an hour heated to 80° C.

The design and fabricated device dimensions are tabulated below in Table for
e —
—_— e
s —

S | .50k SE(L) S4700 1.0kV 12.8mm x4.00k SE(L) S4700 1.0kV 12.5mm x3 50k SE(L)

Figure 3.9: SEM images of a fabricated SSH array: (a)and (c) are the
input and output regions, and (b) is the coupling region.

——_
PR R RS R
e

each of the arrays studied here. Scanning-electron micrographs (SEM) images of the
input and output regions (a) and (c), and the middle coupling region (b) are shown

in Fig. for one of the arrays. Ancillary input and output channels (Fig3.9| (a))
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were fabricated to facilitate separate coupling and probing of each.

The fabricated channel-waveguide widths depart from the 2 um design width. Devi-
ations from design are nearly uniform throughout the arrays and less than 100 nm.
As we shall see from the performance results below, these departures from device

specification do not destroy the topological edge state.

Table 3.1
Dimensions of waveguide’s widths and gaps in design and post-fabrication
(post-fab.)
WG | W/G™ SSH array 1 SSH array 2 SSH array 3
no. | (um) | design post-fab. | design post-fab. | design  post-fab.
1 W 2 1.772 2 1.786 2 1.762
G 1 1.127 1.2 1.294 1.2 1.365
2 W 2 1.883 2 1.88 2 1.828
G 0.8 0.892 0.9 0.973 1 1.112
3 W 2 1.858 2 1.871 1.861
G 1 1.065 1.2 1.257 1.2 1.308
4 W 2 1.895 2 1.89 7 1.713
G 0.8 0.855 0.9 0.966 1 1.035
) W 2 1.895 2 1.884 2 1.61
G 1 1.065 1.2 1.264 1.2 1.122
6 W ) 1.883 2 1.876 1.619
G 0.8 0.917 0.9 0.95 1 0.951
7 W 2 1.821 2 1.851 2 1.741

* W= width of a waveguide, G = Gap between two adjacent waveguides.
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3.7 Power selectivity and insertion loss measure-

ments and performances

SSH array structures concentrate most of the propagating optical power in the edge
channel corresponding to the topological edge state when light is coupled into that
channel. When light is inputted into any of the other channels, they distribute power
throughout the whole array, even when coupled into the farthermost channel on the
opposite end of the topological structure.

This operation is verified in Fig. insets, which shows infrared (IR) CCD camera
intensity profile images of the power from the seven output channels captured by
the camera for different input locations. Each row corresponds to an input into
successive waveguides, with the topological edge-state output inside the red frame
at the top of each panel. Images for the three arrays are displayed for TM and TE
mode inputs, showing that all the arrays perform as topological edge-state structures
for both waveguide modes. Fig. plots the experimentally-measured intensity
profiles and simulated counterpart results obtained by using beam-propagation
method (BPM) simulation of these arrays. It can be seen that the two profiles are
quite similar. These BPM simulations confirm that the fabricated arrays perform as
expected for topological edge-state structures. Light coupled into the edge waveguide

remains confined to the edge, whereas light inputted into other channels produces
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beams that diverge throughout the array, as

1.0

Normalized Power
= S =
£ =Y (= [=.2]

=
i

e
=]

1.0

0.8 1

Normalized Power

0.2 1

0.0 -

1.0

0.8

Normalized Power

0.2 1

0.0

i

A

/|

rrayl] TE -Experimental
4N

Input Channel

O

O

SN Lh B b

CROL
0@
@@e

@

olelO

@

1234567

\ A

1

® X(um}®

0.6 1

0.4 T

e T T T T T p——

Locoemm—=======

0.6 ¥

-

—pm——————

WG Number
-- Arrayl, JJE -Simulation

-

20

25

Normalized Power Normalized Power

Normalized power

shown in Fig. [3.10]

1.0

0.8 1

0.6 1

0.4 1

0.2 t

0.0

1.0

e
S

e
=y
.

e
'S

e
[¥]

0.0

Input Channel

~Array2, TM -Simulation
rray2, TM - Experimental
Y =

)

1.0 n
08 1
0.6 1
0.4 ¢ 1
1
- :'--Af'ﬁ W3, TM - Simulation
0.2 ¢ =—Arrg\3, TM - Experimental
1
LAY
0.0 Hmat el : ; '
5 10 15 20 25
X (um)

Figure 3.10: Simulation vs experimental normalized output power plot
of edge states for three SSH arrays under study for TE and TM modes.
Insets are the IR CCD camera intensity profile images of the respective
arrays when input light is coupled to WG no. 1 (top row profile enclosed
by rectangle- edge state) to WG no. 7 (bottom row profile). Differences
between experimental and simulated edge-state intensity profiles are ascribed
to fabricated device dimensions deviations from design
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BPM-simulated edge-state propagation for the three SSH designs are also shown in
Fig. [3.11f (a), (b) and (c). Each simulated waveguide structure is 2um wide, 500
nm in ridge height with 250 nm of slab, in agreement with the design, but differing
somewhat from the actual fabricated arrays. The coupling coefficients in the SHH
model are controlled by the separation between the waveguides. The three SSH
arrays studied here are defined by the two different alternating gaps (a) 1 pm and
0.8 pum in arrayl (b) 1.2 gm and 0.9 gm in array 2 and (c¢) 1.2 gm and 1 pm in
array 3. The strongest coupling coefficient values in the above arrays are 13.8, 10.4
and 8.0 em™! respectively.

Isolator-function operation is simulated in Fig. [3.11] (a’), (b'), and (¢’) exhibiting
almost complete power extinction in the edge waveguide for nonreciprocal phase
shifts AB™ 26.8 em ™!, 24.1 em™! and 18.5 cm ™1, respectively, in the corresponding
edge waveguide. This approximate extinction occurs after 2.5- to 4-mm propagation
lengths.

The performance of the topological-edge-state is measured by butt-coupling wave-
length light from a lensed optical fiber into polished facets of the topological-edge
waveguide. For analytical purposes, light from the fiber is also coupled into each
of the other channels, for both TE and TM input modes. Infra-red (IR) charge
coupled device (CCD) camera images are also taken of the intensity distribution
profiles as shown in Fig. [3.10] insets. These images evince how the light remains

at the topological edge or gets dispersed into the other channels, depending on the
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coupling, and on each particular array.
In order to characterize the performance of the fabricated structures, the power
Table 3.2

Optical power measurement on three fabricated SSH arrays for both TM
and TE modes

Array 1 , Measured Power

Fiber TE Mode TM mode
coupled Edge Edge
WG Total WG1 WGT7T Total WG1 WGT7T
No. (uWatt)  dB dB (uWatt)  dB dB
1 1.0 -1.0  -25.6 3.776 -1.2 -21.0
2 3.487 -15.1 2.491 -13.9
3 2.254 -10.8 2.442 -12.2
4 4.942 -12.1 10.008  -16.1
5 3.607 -11.6 12,593  -17.3
6 3.577 -17.8 4.166 -14.3
7 3.137 -18.6 0.639 -11.9
Array 2 , Measured Power
1 3.603 -0.1  -23.0 1.228 -2.9 -22.0
2 5.904 -15.0 1.033 -13.5
3 4.516 -18.1 7.673 -27.2
4 8.453 -28.1 5.399 -15.2
5 5.355 -21.7 3.286 -24.1
6 5.513 -27.6 1.823 -22.4
7 2.590 -17.1 0.395 -13.3
Array 3 , Measured Power
1 1.360 -0.7  -28.6 0.932 -5.3  -25.8
2 0.566 -6.9 0.364 -1.6
3 1.217 -15.9 1.010 -13.2
4 1.090 -21.7 51.095  -14.0
5 1.223 -22.7 0.505 -11.3
6 0.029 -21.1 0.025 -0.2
7 0.655 -19.1 0.078 -23.6

coming out of the edge state channel (waveguide number 1 in Fig. [3.10)) is compared

to the incident power, as defined below, for light coupled into channels 1 to 7. This
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actually measures the degree of localization of the edge state light when coupled to
the edge state channel vs any other channels as input.

Incident power is defined as the sum of the powers coming out of all of the channels
in the array. This definition of incident power folds out mode conversion and
Fresnel losses at the input facet. It also does not account for optical absorption and
scattering losses in the array channels. This configuration also allows us to define
insertion loss as the ratio of the light emerging out of topological edge channel
divided by the total incident power, as defined above.

Table [3.2] tabulates these results for both TE and TM modes of input excitation.
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Figure 3.11: BPM simulated topological edge states in three SSH model
waveguide arrays for forward and backward propagation; (a), (b) and (c)
— forward propagation ; (a’), (b’) and (¢)— backward propagation for the
three arrays, respectively

It also tabulates the power emerging from the topological edge channel (waveguide
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1) and the opposite outermost channel (waveguide 7) when light is coupled into
waveguide 1, and the power in the edge waveguide 1 when the inputted into the other
channels 2 to 7. Less than 1 dB of power is distributed among other waveguides in all
three arrays in TE modes resulting in up to 28.6 dB of extinction in the outermost
channel 7 when the light is mainly localized in the edge mode. In TM mode, the
delocalization of the edge mode is below 3 dB in two of the arrays. In array 3, the
higher delocalization value (5.3 dB) is attributed to damage to the device during the
fabrication process, that also results in relatively lower power transmission compared
to other arrays in TM mode. Power extinction in the outermost channel is measured

as 25.8 dB in this case. Noticeably there is very low power coming out of the edge
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Figure 3.12: Device length for different coupling coefficients as controlled
by separation between waveguides: gapl and gap2 corresponding to the
weaker and stronger coupling coefficients K,, and K, respectively.

WG 1 in the cases when the input is launched from all other waveguides. This

can also be seen clearly from 2nd to 7th row profiles of the output in the insets to
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Fig. [3.10 The experimentally measured edge-mode profiles closely resemble their
respective BPM intensity profile for both TE and TM modes, also shown in the same
figure. This distinctly differentiates topological edge modes from the non-topological
modes.

The fabricated SSH arrays studied here are 7 mm long. However the device length
can be shortened by increasing the coupling coefficients, thus reducing the distance
between the optical channels. Devices can be made sub-mm in length by reducing
channel gaps to the shortest limit presently allowable by fabrication techniques,
below 100 nm via e-beam lithography and plasma etching. The preservation of
power in the edge state channel is highest when the contrast between the values of
the coupling coefficients is greatest [I0I] . So there is a trade off between device
length and the localization of edge mode power. As shown in Fig. the device
length shortens from 20 mm to 10 mm when the inter-channel gap corresponding to
is reduced from 1 pm to 200 nm while keeping the other gap at 1.4 um. The device

length gets further reduced to 2 mm when the gap corresponding to is 0.6 um.

3.8 Challenges

Full implementation of an optical isolator of this type requires A" > K,. In our

case AS™ = 4 cm ! while K, is 26.8 cm™!, 24.1 cm™! and 18.5 cm™! for the
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three arrays studied here. So the above condition is not satisfied. To incorporate this
into a working optical isolator, the inter-channel gap for would have to be > 1.3um,
requiring a device longer than 20 mm.

Fig. [3.13| plots coupling coefficient as a function of channel separation for the mate-
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Figure 3.13: Coupling coefficent variation with separation between
Bi:LulG channels. Inset shows the value of magnetic gyrotropy needed for
AB(nr > K so that delocalization (isolation function) occurs in the back-
ward direction

rial parameters used in this work. The inset to Fig. |3.13| gives the required gyrotropy
parameter of the magneto-optic film needed to produce the non-reciprocal phase shift
required to delocalize the light from the edge waveguide for backward propagating

light. It can be seen that reducing the coupling coefficient through an increase in
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inter-channel separation increases the device length to > 20 mm for a gap greater
than 1.3 pum. Conversely, one could attain larger values of with Ce-substituted iron
garnets [8] or by utilizing double layers of iron garnets [103] on GGG substrates with
as high as 40 em™!. With Ce-TIG covers on SOI waveguides, values become as large
as 70 em™! [102] and device footprints of ~ 1 mm are feasible.

However magnetic-garnet films deposited on SOI waveguides suffer from higher prop-
agation losses compared to LPE grown garnet core waveguides. Reducing the iso-
lator footprint to the smallest levels allowed by present-day fabrication technologies
(sub-100 nm gaps) would produce footprints of ~ 1 mm. This requires iron garnet
materials development with correspondingly higher nonreciprocal phase shifts. For

1 .
, corresponding

example, using 100 nm gaps for stronger coupling requires 128 cm™
to gyrotropy parameters of 0.05 (not technologically achieved yet!) for the magneto-
optic film.

Topological edge-state devices such as discussed here require the magnetization of
the garnet on the edge channel opposite to that of the rest of the array [102]. This
calls for localized magnetic fields and relatively large magnetic field gradients near
edge [102]. Such conditions could be implemented by depositing a thin (~ 10 um)
samarium-cobalt (SmCo) films with an intermediate buffer layer on top the array
[22]. Other options entail thin current carrying conducting wires, as thin as 20 or 30

pm and cannot withstand high enough currents to achieve the required saturation

fields, unless superconducting. Tests in our laboratory with 20 um -thin gold wires
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were limited to currents of 0.5 Amps. Alternative electromagnet designs to achieve
in plane saturation field with current as small as 0.25 Amps have been discussed by

other authors [56].

3.9 Conclusions

We have experimentally measured and analized the degree of localization of edge
modes in SSH arrays designed for LPE-grown BiLulG films on GGG substrate. A
high degree of optical localization was observed for both TE and TM input excitations
with less than 2 % of optical input power spread in the remaining 6 waveguide channels
out of 7 channels in the arrays fabricated. The edge states modes is clearly distinct
from the other array modes favouring isolation of the edge channel which is the
motivating factor towards realizing this effect in a fulfledged optical isolator. The
device length could be reduced to ~ 1 mm by working with the waveguide film-core

configuration yielding a high non-reciprocal phase shift.
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Chapter 4

Nonreciprocal Electromagnetic
Spin-Orbit Coupling in

Magneto-optic Materials

4.1 Introduction

E[The spin-orbit interaction (SOI) of light has been the subject of extensive studies in
the last few years [I05-115]. Recent experiments have demonstrated strong directional

coupling of circularly polarized light (optical spin) in nanophotonic waveguides, where

!The material content in this article is published in Nature scientific reports, 7(2017) [104] and
reproduced here under the license of creative commons (see appendix (B for detail.)
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the optical helicity determines the direction of optical flow of the in-coupled light [I15].
That is, transversely polarized light acting on nanoparticles on the waveguide cladding
can be made to excite beams (optical orbital angular momentum) propagating normal
to the incoming wave.

The propagation direction of the guided mode being determined by the helicity of the
incoming light. Unidirectional surface-plasmon excitation has also been observed in
spatially symmetric structures, the surface wave direction being switchable with the
sense of circularly polarized optical excitation [I10]. Other studies have demonstrated
optical helicoidal beams, where light in a whispering gallery or ring resonator is
made to emit waves possessing orbital angular momentum in free space, as illustrated
schematically in Fig. H [I11]. Finally, spin-to-orbital angular momentum conversion
in tightly focused non-paraxial optical fields in free space has also been demonstrated,
where circularly polarized light without a vortex actually exhibits circulating orbital

momentum [1T4].

This type of spin-orbit interaction in optical wave propagation paves the way to
spin-controlled photonics. The use of transverse spin angular momentum and the
coupling of transversely propagating circularly polarized beams to waveguide and
surface plasmon modes permits selective directional addressing of guided light and
quantum states, and enriches the store of spin-dependent tools available to integrated

and nano-photonics [109-112] [115].
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However, the above studies have not addressed the effects of magneto-optic non-
reciprocity on optical spin-orbit coupling, nor ways to induce such coupling by mag-
netic means. The analysis we present here discusses the generation of optical orbital
angular momenta induced through magneto-optic spin-orbit coupling. It analyzes the
effect of non-reciprocity on spin-induced transverse optical momenta, as well as mag-
netization tuning and magnetization reversal effects on unidirectionally spin-induced
orbital angular momenta normal to the optical spin. It is known that transverse ellip-
tical polarization of a given helicity occurs in the evanescent tail of optical waveguides,
that transversely magnetized magneto-optic waveguides evince a nonreciprocal phase
shift, and that the Faraday effect rotates the polarization of light. Yet the effect
of magneto-optic media on the orbital angular momentum shifts in unidirectionally-
coupled light upon transverse optical spin reversal, the effect of Faraday rotation

upon spin angular momentum conversion and the nonreciprocal transfer to orbital

Figure 4.1: Schematic depiction of a micro-ring optical resonator coupled
to a feeder waveguide used to emit helicoidal waves possessing orbital angular
momentum into free space.
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momenta due to electromagnetic spin-orbit coupling, and the magnetic tuning of
spin-orbit coupling and its effect on the induced orbital angular momenta have not

been addressed. It is these phenomena that are explored in this chapter.

Thus, we address the spin-dependent magnetization control of the propagation di-
rection and induced orbital angular momenta. Circularly-polarized beams of a given
helicity evanescently-coupled to an optical waveguides in the presence of a trans-
verse magnetic field to the optical channel, can be made to switch phase-velocity,
alter orbital angular momentum, or cancel unidirectional propagation upon magnetic
field tuning, reversals or rotations. Transverse optical spin is a physically meaningful
quantity that can be transferred to material particles [I05HI07, 112HIT5]. This has
potentially appealing consequences for optical-tweezer particle manipulation, or to
locate and track nanoparticles with a high degree of temporal and spatial resolution
[109]. Thus, developing means of control for the transverse optical spin is of practical

interest.

We address the latter question for spin and orbital angular momenta, show that
their magnitudes and sense of circulation can be accessed and controlled in a single
structure, and propose a specific configuration to this end. Explicit expressions for
these physical quantities and for the spin-orbit coupling are presented. Moreover,
we develop our treatment for nonreciprocal slab optical waveguides, resulting in a

different response upon time reversals.
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Consider the behavior of evanescent waves in a magnetic garnet cladding on
silicon-on-insulator waveguides, as in Fig. [4.3] The treatment we present deals
with transverse-magnetic (TM) mode propagation. This allows us to obtain explicit
expressions for nonreciprocal transverse spin momenta and angular momenta and
to propose a means for magnetically controlling these objects, with potential
application to integrated optical vortex beam emitters, optical tweezers and quantum
computation [I12]. The conversion of transverse-spin to orbital angular momenta
through spin-orbit coupling relies on TM to transverse-electric (TE) mode conver-
sion. We show that, in this case, mode conversion via Faraday rotation, channels
electromagnetic spin-inducing linear momenta into orbital angular momenta that

can then be converted into free-space helicoidal beams.

4.2 Theoretical background

In 1939, F. J. Belinfante introduced a spin momentum density expression for vector
fields to explain the spin of quantum particles and symmetrize the energy-momentum
tensor [I15]. For monochromatic electromagnetic waves in free-space, the correspond-

ing spin linear-momentum density reads

P ==V X 3p (4-1)



with a time-averaged spin angular-momentum density
— ]' _)* -
S5 = Im— (eoE x E) (4.2)

w is the optical frequency and €y the permittivity of free-space [108] . The optical
spin-angular-momentum density of Eq. (4.2)) is derivable from the expression for the

total electromagnetic angular momentum in terms of the Poynting vector [116],
/f’x [eO,uOE X fﬂ d*r (4.3)

where eouoﬁ x H is the electromagnetic momentum density, and A the vector po-
tential. Upon integration by parts, the integrand in Eq. acquires an “intrinsic”
term, coE x fY, independent of radius vector 7 except, implicitly, through the field
components. This term is usually associated with the electromagnetic spin density

[T16] . The remaining term

S B (Fx 6) A (4.4)

T——
corresponds to the orbital angular momentum density. This spin angular momen-
tum, in its transverse electromagnetic form has merited much attention in recent
years, as it can be studied in evanescent waves [I05HI07, 114] . There are funda-
mental and practical reasons for this. Until recently, the quantum field theory of the

electromagnetic field has lacked a description of separate local conservation laws for
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the spin and orbital angular momentum-generating currents [8]. Whether such spin-
generating momenta, as opposed to the actual spin angular momenta they induce,

are indeed observable or merely ‘virtual” is of fundamental interest.

Moreover, if the electromagnetic spin and orbital momenta are separable, the question
arises as to whether there are any photonic spin-orbit interaction effects. In other
words, is it possible to convert electromagnetic spin into orbital angular momentum
and vice-versa? Bliokh, Dressel and Nori give a positive answer for non-paraxial
fields [114]. Using the conservation laws proposed by these authors, we show here
that it is also possible to magnetically induce electromagnetic spinorbit coupling
in magneto-optic media. Furthermore, we demonstrate, specifically, that Faraday
rotation can be relied upon to convert the transverse spin of evanescent waves in
guided light into orbital angular momentum of free-space beams, thus confirming the
validity of the Bliokh-Dressel-Nori formulation, and providing a mechanism for free-
space optical angular momentum generation and control. We show that the transfer of
spin-generating momenta into orbital momenta plays a central role in electromagnetic

spin-orbit coupling.

The electromagnetic field-expressions for transverse magnetization (y-direction) and

monochromatic TM mode propagation in the z-direction in a slab waveguide are,

E = (E,,0, E,)e'Pz=t) (4.5)
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H = (0,H,,0) Pz« (4.6)

In magneto-optic media, the off-diagonal components +g of the dielectric permittivity
tensor € parameterize the magneto-optic gyrotropy. Maxwell-Ampere’s and Faraday’s

laws in ferrimagnetic media are

€c 0 g €c 0 g
. - OE OE 4
V x H= Cfpr =€ | 0 e 0| g ="l 0 e 0 iwE  (4.7)
—ig 0 e —1g 0 e
. OH .

We examine transverse-magnetic (TM) propagation in the slab. Vertical and trans-
verse directions are x, and y, respectively, 3 is the propagation constant, and the wave

equation in the iron garnet is given by

a—ZHy + lf@% (ec g ﬁ2>] H,=0 (4.9)
ox? €e
with kg = 27 /X for wavelength A We get:
H, = H.exp(—efsx), {z>0 Top cladding} (4.10)
H, = Hy cos (k@ + ¢.) {-d<xz<0  Core} (4.11)
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H, = Hgexp[ys (x +d)], {2z <—d  Substrate} (4.12)

Where
largeyers = £/ B? — Kiéeys (4.13)
Ky = \/ Kiep — (2 (4.14)
Ve = /% — K3es (4.15)

€¢ , and €, are the silicon-slab and substrate dielectric-permittivity constants, respec-

tively, and d is the slab thickness. Defining

Ceff = €c — g_ (416)

€c

as an effective permittivity in the cover layer, and v.¢; as the corresponding decay
constant in the x-direction, one can find,

.gﬁ—ﬁc%ff
B, =80 el g 417
(@ —g) (4.17)

E — Bec — 8ess

- H 418
weo (@ — gy (4.18)

We treat the standard (electric-biased) formulation of the electromagnetic spin and
orbital angular momenta. In the presence of dielectric media, such as iron garnets

in the near-infrared range, the expression for ‘Minkowski’ spin angular momentum
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becomes

. €0€ [ =,
S = ImZ- (E x E> (4.19)

The orbital momentum is
Fo = Im— (eoﬁ* : VE) (4.20)
2w

where X -VY = X, VY, + X, VY, +X.VY, and € is the relative dielectric permittivity
of the medium [114], T17]. This expression is derivable from Eq. (4.4). The transverse
Minkowski spin angular momentum, spin momentum and the orbital momentum

densities in evanescent nonreciprocal electromagnetic waves, derived from Eq. (4.17)),

(1), (19) and Eq. (I20), are

= € ec'}/eff_ﬁg 5ec_g76ff 2 A
= H 4.21
SMm wgeo( EZ—gQ ) ( 62—g2 >| yly ( )
S ers [ €Vers — BEY\ [ Bec — 8Vess ”
= - H 4.22
Pm w3 < Eg_gz ) ( e§—g2 ) | y| Yy ( )

N 56 |:667€ff_6g:|2+ |:6€c_g76ff

2
_ ).
bo = 2w3e €2 — g? W} |Hy |y (4.23)

And the ratio

ro

—

M

_ b (Ec%ff — P8 n fec — g%ff) (4.24)
2 \Pec—8Yefr  €Ners — P8

Re-expressing the transverse Minkowski spin angular momentum and spin momentum
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densities in terms of the energy flow § gives,

- 2¢ (€Nesf — Bg
— 26’76ff €cVeff — Bg a
P = -2 < )8 (4.26)

The time-averaged electromagnetic energy flux (Poyntings vector) in the iron garnet
layer is

o 7 1 c e N
) 1D —8%ess \py 125 (4.27)

1 .
— “Re(E*x H
o 2Re< 8 2 we (€2 — g?)

The nonreciprocal shift normalized to the average spin angular momentum is ex-

pressed as follows,

€r(€Yerr — BE); — € (€Verr — B
Vs, — 2 f(ecYers — B8); — € (€cverr — B8), (4.28)
€r (€cVess — Bg>f + € (€cYerr — B8),

Subscripts f and b stand for forward, and backward propagation, respectively. Fig.
plots the Minkowski transverse spin-angular-momentum-density shift, as a func-
tion of silicon slab thickness. Specifically, it shows the normalized shift in the Eq.

4.16| pre-factor,

c €cVeff—B8 Bec—gVes s €cVeff—B8 Bec—gYer s

B e2—g? e2—g? g e2—g? e2—g? -
1) ¢ €cVeff—Bg Bec—gVer s €cVeff—B8 Bec—gVer s
2 e2—g? e2—g? o e2—g? e2—g? -

(4.29)
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We observe a moderate, and relatively stable, admixture of minority circularly-

polarized component above 0.3 pm thickness. Finally, in order to estimate the
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Figure 4.2: Normalized nonreciprocal Minkowski transverse spin-angular-
momentum-density prefactor shift as a function of silicon slab thickness
for ¢ = —0.0086, corresponding to 450° degree/cm Faraday rotation of
Ce1Y2Fe5012 garnet [I1] top cladding on SOI at A = 1.55 um wavelength.

coupling of circularly polarized light in an elliptical mode, we express the incom-
ing circular polarization as the superposition of elliptical normal modes of opposite
helicities, and take the fraction that couples into the same helicity elliptical mode to
be the amplitude fraction of the circularly polarized incoming beam that gets coupled

in, as follows:
1 T+ ez er — iz

EFL—(zz+12)=F,,—+F ,—— 4.30
+\/§< ) + 1+€2 /—1+€2 ( )
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This Yields:

Eie\> 1[e+1
) == 4.31
<E+) 2(1+62) (431)

This expression represents the coupling power from circularly polarized input beam
to the elliptical beam of similar helicity and depends on the eccenticity ‘e’ of the

ellipse in the evanescent region.

4.3 Results

4.3.1 Magnetic-Gyrotropy-Dependent Evanescent Waves

The off-diagonal components + g of the magnetic garnets dielectric permittivity ten-

€c 0 g
sor, =1 (0 ¢ 0 | control the magneto-optic response of the structure. The
—ig 0 e

TM mode’s electric-field components in the top cladding are as given in equations

and [4.18}
. gﬁ — 6c’Yeff
E,=——""l g 4.32
oea@ —g2) (4.52)
. 560 - gr}/e
B, =i 2", (4.33)

weo(€ — %)
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where H, is the optical magnetic-field, 8 is its propagation constant in the z-

direction, Yess = \/ p% — K3 (ec — %) is the decay constant in the (vertical) x-direction,
Ko = 2m/A, A is the free-space wavelength, and €. is the cover-layer's dielectric-
permittivity constant. The other components, F, = H, = H, = 0 Notice that
these two electric field components are 7/2 out of phase, hence the polarization is
elliptical in the cover layer, with optical spin transverse to the propagation direc-
tion. In addition, the polarization evinces opposite helicities for counter-propagating
beams, as E,/F, changes sign upon propagation direction reversal. This result al-
ready contains an important difference with reciprocal non-gyrotropic formulations,
where F,/E, = —iy/ , and 7 the decay constant in the top cladding. Equations
and depend on the gyrotropy parameter g, both explicitly and implicitly
through [, and are therefore magnetically tunable, as we shall see below. We empha-
size that the magnitude and sign of the propagation constant change upon propaga-
tion direction reversal, and separately, upon magnetization direction reversal. The
difference between forward and backward propagation constants is also gyrotropy de-
pendent. This nonreciprocal quality of magneto-optic waveguides is central to the
proper functioning of certain on-chip devices, such as Mach-Zehnder-based optical
isolators |23, 39]. In a dielectric medium, the momentum density expression accounts
for the electronic response to the optical wave. Minkowski’s and Abraham’s formu-
lations describe the canonical and the kinetic electromagnetic momenta, respectively

—

[118]. Here we will focus on Minkowskis version, p = D x B , as it is intimately
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linked to the generation of translations in the host medium, and hence to optical

phase shifts, of interest in nonreciprocal phenomena. D is the displacement vector,

and B the magnetic flux density. Dual-symmetric versions of electromagnetic field
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Figure 4.3: Normalized nonreciprocal Minkowski transverse spin-angular-
momentum-density shift per unit energy flux as a function of silicon slab
thickness for for g=0.0086, corresponding to Ce;Y2Fe5012 garnet top
cladding on SOI at wavelength. The inset shows the slab waveguide struc-
ture. M stands for the magnetization in the garnet.

theory in free space have been considered by various authors [108|, 112, [114] [118].

However, the interaction of light and matter at the local level often has an electric

character. Dielectric probe particles will generally sense the electric part of the elec-

tromagnetic momentum and spin densities [108, 112], 114, 118]. Hence, we treat the

standard (electric-biased) formulation of the electromagnetic spin and orbital angular
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momenta. In the presence of dielectric media, such as iron garnets in the near-infrared

range, the expression for the Minkowski spin angular momentum becomes

5 €€, =, =
Sy = Imi(E x E) (4.34)

The orbital momentum is

— € _)* =t
p= Im%(eoE -VE) (4.35)

where € is the relative dielectric permittivity of the medium [114, [117]. In magneto-
optic media, the dielectric permittivity € is €. + g, depending on the helicity of the
propagating transverse circular polarization. This is usually a small correction to e, ,
as g is two-, or three-, orders of magnitude smaller in iron garnets, in the near infrared
range. For elliptical spins, where one helicity component dominates, we account for

the admixture level of the minority component in through a weighted average.

4.3.2 Nonreciprocal Transverse Magneto-Optic Spin-Orbit

Coupling

In this section we present a formulation for the transverse-spin and orbital angular
momentum densities, and nonreciprocal spin-orbit coupling induced by evanescent
fields in magneto-optic media. The magnitude and tuning range of these objects in

terms of waveguide geometry and optical gyrotropy are expounded and discussed.
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We detail the differences in orbital angular momenta between transversely propagat-
ing beams induced by circularly-polarized light of opposite helicities. Their unequal
response to given optical energy fluxes in opposite propagation directions and to
changes in applied magnetic fields are analyzed. And we apply the recently pro-
posed Bliokh-Dressel-Nori electromagnetic spin-orbit correction term to calculate the
spin-orbit interaction for evanescent waves in gyrotropic media [114]. Egs. (4.32))
to ((4.35))) yield the following expressions for the transverse Minkowski spin angu-
lar momentum, spin momentum and the orbital momentum densities in evanescent

nonreciprocal electromagnetic waves:

. € [eNerr — Bg\ [ Bec— ey 2
= H 4.
=g () () 0
— 66 €Veff — ﬁg ﬂec g’}/eff 9 A
— H 4.37
bo 2w3e €2 —g? 2 —g? | e (4.37)

These expressions depend on the magneto-optic gyrotropy parameter g and the dielec-
tric permittivity of the waveguide core channel and of its cover layer under transverse
magnetization. They yield different values under magnetic field tuning, magnetiza-

tion and beam propagation direction reversals, and as a function of waveguide core
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thickness as discussed below. The propagation constant (3 is gyrotropy-, propagation-
direction-, and waveguide-core-thickness-dependent and this behavior strongly im-
pacts the electromagnetic spin and orbital momenta. Consider now the electromag-
netic spin-orbit coupling induced by transversely propagating circularly polarized
beams impinging on a gold nanoparticle on the surface of a silicon-on-insulator slab
waveguide with Ce-YIG cover layer, as in Fig. [4.1)(a). Alternatively, one may examine
the response of a magnetic garnet waveguide on gadolinium-gallium garnet substrate
and air cover as in Fig. 4.3|(b). These configurations are similar to the chiral nanopho-
tonic waveguide arrangement considered in [IT5], except that we are now dealing with
a magneto-optic nonreciprocal system. We assume (but do not prove), that the light
emitted by the rotating dipole in the gold nanoparticle couples to the elliptically po-
larized evanescent tail of the same helicity as the rotating dipole, as was shown in
[115] and [ITI0]. The sign of the helicity of the evanescent TM wave locks-in the direc-
tion of propagation, resulting in unidirectional spin-orbit coupling. We now explore
the difference in unidirectionally-excited orbital momenta and coupling efficiency for
opposite helicities in the magneto-optic system, based on Eqgs. and [4.37] Figure
M(a) plots the shift in coupled orbital momentum per unit spin angular momentum,
in a slab waveguide for opposite excitation helicities. This quantity is obtained from
the difference in ratio of Eqs[4.37] to [£.36], for opposite propagation directions. The
result is plotted as a function of magneto-optic gyrotropy. Plotted in the same fig-

ure (b), we also have the coupling efficiency shift for unidirectional propagation
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for opposite-helicity circularly polarized excitations. The latter is obtained from the
overlap of the circular polarization input to the evanescent tail elliptical polarization,
obtained from Egs. and Notice that the nonreciprocal orbital momen-
tum shift of the excited unidirectionally-oriented light is significant (0.1%) for typical
magneto-optical gyrotropies ( 0.001 to 0.01) found in the infrared regime in magnetic
garnet materials. Even larger shifts (up to 1% ) obtain in the visible range. Larger
shifts are possible for ferromagnetic metallic materials (plasmonic guiding) possessing
significantly larger gyrotropies. These latter effects have yet to be explored both the-

oretically and experimentally. Consider now the excited nonreciprocal spin angular

Qi
: Pal
Bi:YI m—
. 6/ i

Sio, GGG

(@) (b)

Figure 4.4: Schematic depiction of electromagnetic spin-orbit coupling con-
figuration consisting of a transversely-propagating circularly polarized beam
impinging on a gold nanoparticle on (a) the surface of a silicon-on-insulator
slab waveguide with bismuth-substituted yttrium iron garnet (Bi:YIG) cover
layer, or (b) a Bi:YIG slab waveguide, to produce unidirectional propagation
of waveguide modes normal to the incoming beam.
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momentum shifts per energy flow ,

2 cle - ~TEN
5, = % (M) Sl (4.38)

2 2 2
w €. — 8

Figure plots the nonreciprocal transverse spin-angular-momentum-density shift
per unit energy flux, as a function of silicon slab thickness in an SOI slab waveguide
with Ce;YsFe;015 garnet top cladding. Calculations are performed for the same

electromagnetic energy flux in opposite propagation directions, at a wavelength of

1550 nm, g = -0.0086 . The nonreciprocal shift is normalized to the average spin
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Figure 4.5: Difference in (a) unidirectionally-excited orbital momenta and
(b) coupling efficiencies for opposite helicities in the magneto-optic system.
(a) plots the shift in coupled orbital momentum per unit spin angular mo-
mentum, in a slab waveguide for opposite excitation helicities.
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angular momentum. The energy shift evinces a relatively stable value, close to 0.7 %
above 0.3 um thickness. Its thickness dependence is a function of the ellipticity of the
transverse polarization in the x-z plane. Above 0.3 um , the ellipticity ranges from
31.4° to 36.9°, where 45° corresponds to circular polarization. In other words, the
ellipticity stays fairly constants, with a moderately small admixture of the minority
circularly polarized component, ranging from 25 % to 14 %. Below 0.3 um, the
minority component admixture increases precipitously, reaching 87 % at 0.13 um .
Magnetization reversals produce the same effect, for the corresponding transverse

spin-angular-momentum-density shift.

4.3.3 Magneto Optic Gyrotropy Control of Spin Orbit Ef-

fects

The magneto-optic gyrotropy of an iron garnet can be controlled through an applied
magnetic field. These ferrimagnetic materials evince a hysteretic response, such as the
one displayed in Fig. (inset) for 532 nm wavelength in a sputter-deposited film.
The target composition is Bij 5Y15Fe;015. Shown here are actual experimental data
extracted from Faraday rotation measurements. Below saturation, the magneto-optic
response exhibits an effective gyrotropy value that can be tuned through the applica-

tion of a magnetic field. These measurements correspond to a 0.5 um -thick film on a
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(100)-oriented gadolinium gallium garnet (GGG) substrate. The optical beam is inci-
dent normal to the surface, and the hysteresis loop probes the degree of magnetization
normal to the surface as a function of applied magnetic field. These data show that
the electromagnetic spin angular momentum can be tuned below saturation and be-
tween opposite magnetization directions. Figure|4.6|also reveals an interesting feature

about the magneto-optic gyrotropy. The normalized nonreciprocal transverse spin-
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Figure 4.6: Normalized nonreciprocal Minkowski transverse spin-angular-
momentum-density shift per unit energy flux as a function of magneto-
optical gyrotropy. Data correspond to 0.25 m silicon-slab thickness with
Ce1YoFe;012 garnet top cladding, wavelength. The inset shows the gy-
rotropy versus magnetic field hysteresis loop of a magnetic garnet film at
A = 532nm , sputter-deposited using a Bij 5Y1 5Fe;O1otarget.

angular-momentum-density shift per unit energy flux linearly tracks the gyrotropy,
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and is of the same order of magnitude as g, although thickness-dependent. Yet, as
pointed out before, this thickness dependence reflects the admixture of the minor
helicity component in the spin ellipticity. At 0.4 um, for example, Vs, = 0.0072
when g = —0.0086. However, the major polarization helicity component contribution
to V&) is 84.4% at this thickness, translating into 0.00853 at 100 %. At 0.25 um,
V &y = 0.00655 and the major polarization helicity component contribution is 76.2 %,
translating into 0.0086 at 100%. We thus re-interpret the magneto-optical gyrotropy
as the normalized spin-angular-momentum density shift per unit energy flux. Fig.
4.1|illustrates schematically the induction of free-space vortex beams. The difference
in free-space vortex beams orbital angular momenta are therefore apparent from Fig.
4.5 a consequence of the difference induced by coupling light with positive or neg-
ative spin helicities into the waveguide. The fact that the magneto-optic gyrotropy
can be tuned, as discussed above, means that the magnitude orbital momenta and
the phase of the coupled light (and hence the resonance of the coupled light in the
resonator), can be tuned to resonate for either positive or negative helicity excitation
beams, while at the same time suppressing the excitation of one or the other free-
space helicoidal beams. These are novel proposed effects that translate into magnetic

control of free-space helicoidal beams for opposite chiralities.
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4.3.4 Magnetization-Induced Electromagnetic Spin-Orbit

Coupling

Bliokh and co-authors have studied the electromagnetic spin-orbit coupling in non-
paraxial optical beams [I14]. They find that there is a spin-dependent term in the
orbital angular momentum expression that leads to spin-to-orbit angular momen-
tum conversion. This phenomenon occurs under tight focusing or the scattering of
light [I14]. Here we consider an alternative source of electromagnetic spin-orbit cou-
pling, magnetization-induced coupling in evanescent waves. The time-averaged spin-
€€p = — . €€p = - —
Im2— (E X E) , and orbital- Im2— (E' (% V) E) angular momenta conserva-
w i w i

tion laws put forth in [I14] each contain a term, responsible for spin-orbit coupling,

in the form

€€Q Lo
2w

Im

HYE;. (4.39)

We have modified the original expressions to include a dielectric permittivity factor to
account for the material response of the medium. The indices i = x, y, z. Expression
[4.39] appears with opposite signs in the spin and orbital conservation laws, signaling
a transfer of angular momentum from spin to orbital motion. As it stands so far in
our treatment, this term equals zero, since the spin points in the y-direction and the
electric-field components of the TM wave point in the x- and z-directions. A way to

overcome this null coupling and enable the angular momentum transfer is to rotate
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the applied magnetic field about the x-axis away from the y-direction, as in Fig. [4.7]
This action induces a Faraday rotation about the z-axis, generating a spin-orbit cou-
pling term in the angular momentum conservation laws. An in-plane rotation of the
magnetization M to the z-axis will induce TM to TE mode conversion and electromag-
netic spin-orbit interaction in the magneto-optic medium [119, 120]. Hence, non-zero
electromagnetic field components E, and Hy, and spin-orbit coupling, are induced in
the propagating wave. The spatial non-intrinsic component characteristic of orbital
motion emerges in the form of a z-dependence in the angular momentum, embodied
in the partial or total evanescence of the major circularly-polarized transverse-spin
component as the wave propagates along the guide. In what sense is there an angular
momentum transfer from spin to orbital, in this case? As the polarization rotates in
the x-y plane due to the Faraday effect, there will be a spatially-dependent reduction
in the circulating electric field spin-component of the electromagnetic wave along the
propagation-direction. This can be seen as a negative increase in circular polarization
with z, i.e., an orbital angular momentum in the opposite direction to the electro-
magnetic spin. More specifically, the TE mode, with an electric-field component only
in the y-direction, carries no transverse spin angular momentum, as per Eq. [£.34]
Where does this angular momentum go? It goes into orbital angular momentum,
according to Eq. . This electromagnetic orbital angular momentum (OAM) in
the TE mode may be converted into free-space OAM via a helicoidal beam emitter

as proposed in [ITI]. These authors demonstrate an integrated compact vortex beam
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emitter through the use of a circular micro-ring or micro-disk optical resonator, as in
Fig. [4.1] furnished with an embedded angular grating. The grating partially converts
the whispering gallery mode in the micro-ring into free-space radiation. The device
is configured to emit vortex beams from quasi-TE light fed into the micro-ring via
a straight waveguide bus coupled it. At issue here is not the Faraday rotation per
se, but the conversion of transverse spin angular momentum into orbital angular mo-

mentum. Finally, we derive an explicit expression for the spin-orbit coupling term.

& B ig
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- —ig 0 &
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Figure 4.7: Rotated magnetization M generates TM to TE waveguide mode
coupling and electromagnetic spin-orbit coupling. The figure also shows the
electric permittivity tensor before and after rotation.

We assume that Faraday rotation induces the E,, H, terms via TM to TE mode
i 9 .

conversion, where H, = —Z—Ey ,and E, = E, g e~ VTET APTEZ giy (0rz). Where
How OF

E, o is the electric field amplitude corresponding to full TM to TE conversion, 0 is

the specific Faraday rotation angle, yrp and fBrg are the cover-layer decay constant
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and the propagation constant for the TE mode, respectively. For simplicity, we as-
sume no linear birefringence in the waveguide, so Srg = Sry. The spin to orbital

angular-momentum coupling term is then

Im

€€o o 8. (H:Ey) _ €E0VTE

; sos | Bl e "2ITET Y sin (2052) (4.40)
w w

Hence full angular momentum conversion from transversely-coupled forward (or back-

ward) propagating positive (negative) helicity light in the z-direction upon 7 /2 Fara-
€€

day rotation generates a spin-to orbital momentum transfer 40—(2)|Ey,0|2 in the cover
w

layer.

4.4 Discussion

There are two key findings in this work. A formulation of the interaction between non-
reciprocal transverse electromagnetic spin and orbital angular momenta in evanescent
waves in magneto-optic media. And a treatment of magnetically induced spin-orbit
coupling in electromagnetic waves. Our analysis examines the effect of magneto-optic
nonreciprocity on the orbital angular momenta of unidirectional light in nanophotonic

waveguide interfaces generated by electromagnetic spin-orbit interaction. We explore
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the role of optical chirality on the induced orbital momenta on transversely propagat-
ing light and quantify its response to opposite-spin optical excitations. The depen-
dence of induced orbital momenta on magneto-optical gyrotropy is detailed. Addition-
ally, the results presented here provide a means for testing the Bliokh-Dressel-Nori
electromagnetic spin-orbit coupling formulation in magneto-optic media [114], and
simultaneously, offer a way for magnetically inducing and controlling the electromag-
netic spin-orbit interaction. The approach may be used to generate OAM helicoidal
beams through spin to orbital angular momentum conversion, and to magnetically
tune the production of free space orbital angular momenta via ring resonators. The
latter relies on experimental results already demonstrated by X. Cai and co-workers
in [ITI]. Our treatment of the nonreciprocal transverse electromagnetic spin is de-
veloped for slab waveguides with magnetic garnet cladding layers. This approach
allows for an explicit analytical solution of the spin and orbital momenta and angular
momenta that can be experimentally tested via prism-coupling in slab waveguides.
As such, it allows for testing the controversial reality of electromagnetic spin mo-
menta, in other words, the reality of the electromagnetic linear momenta that induce
transverse spin-angular momenta. The article shows that transverse spin angular mo-
mentum in evanescent waves can be magnetically tuned, with possible applicability
to nanoparticle optical manipulation, and that it evinces a precisely quantifiable non-
reciprocal response in magneto-optic media. Moreover, we demonstrate that the shift

in spin angular momentum per unit energy flow upon time or magnetization reversal
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corresponds to the magneto-optical gyrotropy. This finding provides a dynamic inter-
pretation of the magneto-optic gyrotropy parameter, and gives a fresh perspective on
the source of the nonreciprocal phase shift effect, often used in the design of integrated
optical isolators. The thickness dependence of the nonreciprocal transverse-spin-shift
upon time or magnetization reversals is found to reflect the admixture of minority cir-
cular polarization component in the elliptical spin configuration in evanescent waves.
This admixture is very pronounced for thin slabs near cutoff, but wanes and satu-
rates for thicker samples, where the majority circular polarization dominates. Our
treatment of electromagnetic spin-orbit coupling also provides a means for magneti-
cally inducing and modulating OAM and free-space helicoidal beams. These can be
produced on-chip in magneto-optic waveguides with magneto-optic claddings, thus
allowing for compact packaging of vortex-bean sources. Nonreciprocal TE to TM
mode conversion in semiconductor waveguides with magneto-optic upper claddings
has already been demonstrated [119, 120]. Numerous applications of optical angular
momentum and vortex beams have been discussed in the literature. These include
their use in optical tweezers [121] 122], optical microscopy [123], and quantum and

wireless communications [124), 125].
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Chapter 5

Conclusion

5.1 Conclusions

In summary, this dissertation combines work done in three major projects on magneto-
optic materials and exploiting their fundamental property that breaks time-reversal
symmetry, also known as non-reciprocal effect. In the second chapter, we have car-
ried out experiments on fabrication and characterization of magnetless magneto-optic
materials to develop technology towards their integration into silicon photonics as on-
chip optical isolators. In particular, the magnetless faraday rotator materials were
thinned down by lapping/polishing and crystal-ion-slicing techniques to thicknesses

down to 7 pum and their performance was studied against the inevitable birefrigence
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effect on thin-film-waveguide-based devices. we have found that the Faraday rotation
remains within 2° of bulk performance of 45° rotation. The extinction ratios of —20
dB was measured with insertion loss as low as 0.09 dB in 11 gm thin films fabricated
by lapping. The linear birefringence affects the higher order modes in planar waveg-
uide structure and the extinction ration could be improved by making the guide to
support only the fundamental modes. Moreover, the magnetless FR was bonded with
UV epoxy and BCB bonding materials and the performance of a complete isolator
was also investigated. Greater than 30 dB isolation was measured for the wavelength
band between 1522.5 nm to 1564 nm, with 33.7 dB at 1550 nm wavelength and inser-
tion loss < 0.7 dB in the entire C-band of optical telecommunication. With the BCB
bonded PolarCors polarizers, 60um thin film isolator produced > 25 dB of isolation

and < 1dB insertion loss towards the upper end of C-band (1550 to 1580 nm).

In the second project described in chapter 3, experimental demonstration of topolog-
ical edge state was carried out in SSH model based arrys of 7 waveguides fabricated
by e-beam lithography. A high degree of localization of edge modes were observed for
both TE and TM modes of of input excitation in waveguides with as little as only 2
% of power spreading towards the remaining waveguides in the array. Different as-
pects of challenges towards fabricating on-chip isolators was also analyzed . Shorter
on-chip isolator devices can be realized based on this model by working in assymetric

waveguide structures of high non-reciprocal effect.
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Next work in chapter 4 encompasses the theretical study of spin orbit coupling of
light in magnet-optic media in planer waveguide structures. It has been found that
transverse spin angular momentum in evanescent waves can be magnetically tuned,
with possible applicability to nanoparticle optical manipulation, and that it evinces
a precisely quantifiable nonreciprocal response in magneto-optic media. Moreover,
we demonstrate that the shift in spin angular momentum per unit energy flow upon
time or magnetization reversal corresponds to the magneto-optical gyrotropy. This
finding provides a dynamic interpretation of the magneto-optic gyrotropy parameter,
and gives a fresh perspective on the source of the nonreciprocal phase-shift effect,
often used in the design of integrated optical isolators. The thickness dependence of
the nonreciprocal transverse-spin-shift upon time or magnetization reversals is found
to reflect the admixture of a minority circular polarization component in the elliptical
spin configuration in evanescent waves. This admixture is very pronounced for thin
slabs near cutoff, but wanes and saturates for thicker samples, where the majority

circular polarization dominates.

5.2 Future work

The research work in this dissertation successfully develops the magnetless optical
isolator, its miniaturization, and successful transfer to the silicon substrates. The

performance of the device is highly promising as it fulfills both requirements for an
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optical isolator, i.e. high optical isolation and low loss to be used in an integrated
circuit. However integration to the Si waveguide is the ultimate goal to establish
its functionality and reliability to be used in an integrated optical circuit. This is
something that has not been demonstrated and needs further experimental research
work on this aspect.

This dissertation has also successfully demonstrated the topological edge-mode-based
localization of the power in the edge waveguide and analyzed different aspects of
the challenges and paves the way for further experimental exploration on realizing
full functional on-chi optical isolator. Selecting the materials that offers high NRPS
and relatively low propagation loss can be experimented to produce ultra-compact

integrated isolators.
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