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Abstract

Magnetooptical garnets combine high Faraday rotation with low optical
losses in the near infrared region where optical communication via glass fiber
is established. In this spectral range garnets are the only materials discussed
to realize nonreciprocal devices as optical isolators and circulators. Although
such devices are available as microoptical components, practical versions of
their integrated counterparts are still lacking. Numerous concepts have been
developed theoretically many of which are tested experimentally. This paper
presents an overview of the state of the art of the applications of garnet films in
integrated optics. Also the technique of combining garnets with semiconductor
materials is shortly discussed.

1 Introduction

Optical communication via glass fiber is an attractive technique for high data rate
transmission. Over the last few decades this technique was developed in the near
infrared spectral region around 1.55 pm wavelength, where the optical damping of
the glass fiber is minimum. The residual damping is as low as 0.2 dB per km. It is
caused by Rayleigh scattering and thus cannot be avoided.

Semiconductor lasers are available as reliable light sources. It is essential that
the lasers are protected from reflected light, otherwise they become unstable. For
this purpose optical isolators are needed which rely on the nonreciprocal Faraday
rotation of magnetooptical materials. Furthermore, for splitting and combining
different transmission routes or different wavelength multiplexed signals, optical
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circulators are required. Such nonreciprocal devices are commercially available as
microoptical components.

However, to establish a wide spread affordable technique, an integration of optical
devices is necessary, as occurred in the well known case of electronics. Thus, it is
essential to integrate optical components like lasers, isolators, circulators, modula-
tors, combiners, splitters, couplers etc. on a single substrate. Light is guided in
such optical circuits by monomode dielectric waveguides which have lateral dimen-
sions in the range of micrometers. As many devices rely on interference effects, the
geometrical tolerances of the waveguides are very crucial.

A severe integration problem arises if materials with large refractive index differ-
ences must be combined, like semiconductors (laser-material) and garnets. Several
methods have been tested to solve this problem. Furthermore, optically pumped
lasers can be prepared in garnet waveguides alleviating its integration with isola-
tors.

Although magnetic garnets must inevitably be used for nonreciprocal devices, these
materials can also be applied to fabricate modulators using dynamic TE-TM mode
conversion induced by high frequency excitations in the GHz—range. Applying mag-
netostatic volume waves, this technique has been demonstrated by Fisher et al.™,
Tamada et al.2, Talisa® and by Tsai and Young4. Magnetostatic surface waves were
used by Tsai and Young5. The ferrimagnetic resonance and domain resonances have
been applied by Neite et al.0 and by Winkler et al.7, respectively. State of the
art modulation techniques, however, use direct laser modulation, electroabsorption
modulation or electrooptical, acustooptical and magnetooptical effects. Modulation
frequencies of more than 15 GHz are reported®.

The main purpose of this paper is to present an overview of the application of
magnetooptical waveguides to realize integrated nonreciprocal devices like isolators
and circulators. Finally, waveguide lasers and integration techniques, combining
semiconductor and magnetooptic materials, are shortly discussed.

2 Garnet crystals

The basis for all nonreciprocal effects is the Faraday rotation. In the near infrared
region, where optical glass fiber transmission is developed, magnetic garnet crystals
are the only materials discussed for the realization of nonreciprocal devices, because
they combine high Faraday rotation with low optical losses.

Magnetic garnets are cubic crystals having 160 ions per cubic unit cell. The chem-
ical formula of garnets is {c3*}3 [a3t]y (d*7)3 Opp. That means, there are three
different lattice sites for the cations with respect to the surrounding oxygen anions.



The dodecahedral sites {c} are occupied by rare earth cations and/or by Y3, La3"
and Bi*t. The octahedral [a] and tetrahedral (d) sites are ocupied by iron. The [d]
and (d) sublattices are coupled antiferromagnetically. As they are not equivalent,
this coupling yields a ferrimagnetic crystal. The temperature dependend saturation
magnetization M, of the crystal is given by the vectorial sum of the sublattice mag-
netizations. Assuming that the dodecahedral lattice is not occupied by magnetically
ordered paramagnetic ions, one obtains

MS(T) = Md(T) - Ma<T) ) (1)

where M, and M, denote the saturation magnetizations of the tetrahedral and
octahedral sublattices, respectively.

Without substitution of Fe3* by diamagnetic ions like Ga* and AI** the mag-
netization of the (d) sublattice dominates. Ga®>" and AI*" are mainly incorporated
on tetrahedral sites so that an increasing substitution level of these ions will lead
to the dominance of the octahedral sublattice. At a certain substitution level, both
sublattices are equivalent. In this case the sublattice magnetizations compensate
each other and the crystal becomes antiferromagnetic. Using proper preparation
techniques such a compensation can be created along a plane inside the crystal, a
so called compensation wall?.

Magnetic garnets can be grown as bulk crystals. Furthermore, high quality thin
films on appropriate substrates can be obtained bi/ epitaxial methods, like lig-
uid phase epitaxy (LPE)lO7 sputter epitaxy (SE)1 and pulsed laser deposition
(PLD)12. The chemical composition and the growth conditions allow to optimize
the material properties for different applications. As substrate crystals gadolin-
ium gallium garnet (GGG) or calcium-magnesium-zirconium—substituted gadolin-
ium gallium garnet (GGCMZ) is used.

The Faraday rotation of garnets depends on the temperature T, the optical wave-
length A and on the sublattice magnetizations. These dependencies can be separated
as

Orsat(A, T) = D(X) My(T) + A(N) M, (T), (2)

where O 4+ denotes the specific Faraday rotation per unit length if the magnetiza-
tion is saturated parallel to light propagation. A and D are coefficients which only
depend on the wavelength A.

The Faraday rotation of magnetic garnets is strongly enhanced by the substitution
of bismuth into the dodecahedral lattice sites of the crystals. As Bi3* is a large
ion, substrates with large lattice constants must be used to increase the bismuth
content. Bismuth concentrations up to 2 formula units can be achieved by LPE,
using gadolinium gallium garnet substrates which are substituted by the large ions of
calcium, magnesium and zirconium!3. SE and PLD allow to obtain the full bismuth
concentration of 3 formula units, however on the cost of the film quality.



Figure 1: Bulk optical islator, schematically.

An even much higher Faraday rotation is possible, if cerium is substituted into the
: ) 14 . : .
garnet crystals instead of bismuth**. Although cerium causes high optical losses,
the quality factor, Faraday rotation per damping, is still better than for the bismuth
substituted films. However, such films cannot be prepared by LPE, only by SE and
PLD.

3 Optical isolators

The principle of a bulk optical isolator is sketched in Fig. 1. Incoming light is linearly
polarized by the first polarizer. The plane of polarization is rotated at 45° by the
Faraday rotator. Then the light passes the second polarizer, set at 45° with respect
to the first one. The plane of polarization of reflected light traversing the Faraday
rotator in backward direction is rotated by another 45° and thus the reflected light
is blocked by the first polarizer. For practical applications, isolation of at least
30 dB and forward losses below 0.5 dB are desired. Such bulk isolators are invariant
with respect to the rotation of the input polarization plane about the propagation
direction, contrary to waveguide isolators discussed below.

Fig. 2 shows a monomode rib waveguide which is typically used in integrated
optics. Light propagates in z—direction as quasi TMg or TEy modes which are mainly
polarized along the x— and y—axis, respectively. These modes generally propagate
at different propagation constants fry, and Org.

Waveguide optical isolators have been intensively investigated for many years.
Numerous concepts were developed and studied theoretically and experimentally,
where different kinds of nonreciprocal effects are exploited. The following section
gives a brief overview over these effects and over the numerical means for their
modeling. Concepts of actual integrated optical isolators and circulator devices are
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Figure 2: Simple rib waveguide typically used in integrated optics.

discussed in section 5.

4 Theoretical methods

The theoretical analysis of magnetooptic rib waveguides as sketched in Fig. 2 is
accomplished as follows. First it is assumed that the waveguides are prepared in
an isotropic dielectric material and their electromagnetic modal fields are calcu-
lated, using different methods. Then the magnetooptic properties are introduced
by perturbation theory. They lead to nonreciprocal mode conversion and nonrecip-
rocal phase shifts. Finally these effects are used to design nonreciprocal devices as
isolators and circulators.

4.1 Calculation of modal field profiles

It is assumed that the waveguide is homogeneous in z—direction, the direction of light
propagation, and that the materials are isotropic and lossless. Thus, the propagating
modes are described by their electric and magnetic fields, respectively:

E(z,y) .
e bowli (5 - wo), ®)

where E and H are the components of the mode profile, 3 denotes the propagation
constant, w = cky the frequency and kg = 27/A the vacuum wavenumber with A
the vacuum wavelength. Maxwell’s equations yield for the transverse components
of the electric and magnetic field vectors the differential equations:
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The longitudinal z—components are determined by the divergence-equations

div(eE)=0 and div(pH) =0. (6)

¢ = n? denotes the permittivity, where ng is the isotropic refractive index, and u
is the permeability of the material. At optical frequencies u = 1 is a very good
approximation.

The equations (4) and (5) are equivalent. They describe the full vectorial modal
fields E and H. However, usually one field component is dominant. If the minor

component is neglected, one arrives at the simpler semi—vectorial equations for the
quasi TE and quasi TM modes!? 16

0 H,
quasi TE: E=| E, and H=| H, (7)
E, H,
with the wave equation
1
/{;36—1—85—1—811233,6 E, = ftp E, (8)
and
E, 0
quasi TM: E=| E, and H= | H, (9)
E, H,
with the wave equation
1
(k86+68x—&;—|—8§> H, = (2, H,. (10)
€

For planar waveguides the partial derivatives with respect to y vanish yielding
equations which can be solved analytically.

Numerous methods have been developed to solve the partial differential equa-
tions (4,5) or (8,10). Analytical approximations can be applied to obtain a quick
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Figure 3: Contour plots of the main field components |E,| (top) and |H,| (center) of
the fundamental TEy and TM, modes, respectively. The contour levels are spaced
at 10% of the maximum amplitude. The waveguide parameters (bottom) are: d =
0.5 pm, h = 0.3 pm, w = 2.0 pum, A\ = 1.3 um and the respective refractive indices
arens, = 1.9, ny = 2.2, n. = 1.0.

overview! " 18 More rigorous techniques apply finite element (FEM), finite dif-
ference (FDM), rigorous planar eigenmode expansion (film mode matching, FMM)

or beam propagation (BPM) methods, however, at the expense of computational
offort 19, 15, 16,20, 21, 22, 23

A versatile and efficient technique is the wave matching method (WMM)M’ 25
It is based on a transverse resonance technique. For each region of constant per-
mittivity the modal fields are assumed to be a linear combination of plausible trial
solutions which satisfy the differential equations. Interface conditions then yield
propagation constants and modal fields.

As an example, Fig. 3 shows the profiles of the TEy and TM, mode of a typical rib
waveguide. These profiles are calculated using the FEM method and the semivec-
torial approximation. The parameters are listed in the figure caption. Note the
discontinuity of the electric field at the vertical boundaries.



4.2 Magnetooptical effects

The magnetooptical properties are described by the nondiagonal components of the
permittivity tensor:

100 0 M, -M, 100
é=n2 |0 1 0|+K|-M, 0 M, |=n3|010]|+Ae (11)
00 1 M, —-M, 0 00 1

M;, j=x,y,z, denotes the components of the magnetization. K is a complex material
parameter K = K’ 4+ i K", where K" is connected to the specific Faraday rotation
by:

K" M,

Ors = — k
F,sat 0 210

(12)
The real part K’ determines the Faraday ellipticity which is neglected in this article.
Furthermore, also the Cotton-Mouton effect is omitted, which depends quadratically
on the magnetization components and is thus a reciprocal effect.

4.2.1 Nonreciprocal phase shift

The elements of the gyrotropic part A€ of the permittivity tensor are small compared
to n and can thus be treated by perturbation theory26. The component M., which
is parallel to the waveguide axis, gives rise to TE-TM mode coupling and thus to
mode conversion, which is similar to Faraday rotation in bulk media; it will
be treated in section 4.2.3. The components M, and M,, which are perpendicular
to that axis, induce a change 6 of the propagation constant (3, which depends on
the propagation direction, forward or backward:

Bforward — /6 + 5ﬁ and 6backward — ﬁ . 567 (13)

resulting in a difference AF = 265 between forward and backward propagation
constants; § denotes the unperturbed propagation constant. This nonreciprocal
phase shift does not exist in the case of light propagation in bulk mate-
rials, because the effect can be viewed as being immediately related to
material discontinuities. A simple plausibel explanation can be given us-
ing the rough zigzag model of mode propagation in dielectric waveguides.
Each reflection at the waveguide boundaries induces a phase shift which
depends on the polarization, TE or TM. Furthermore, it depends on the
magnetooptical properties of the waveguide structure and this phase shift
is nonreciprocal.



Perturbation theory yields for §3:

UJGO

58 = / E* A¢E dz dy (14)

normalized by the power flow in z—direction
:U/ExH*jLE*xH} dz dy . (15)
In addition, the components M, and M, also cause TE-TM mode coupling which,

however, is usually small compared to the coupling by M,.

Using the semivectorial approximation, equ. (14) can be simplified for quasi TM
and quasi TE modes. If M is parallel to the x—axis, a nonreciprocal phase shift for
the TE mode occurs as:

2
NG ﬁ;‘;ejov JK"M.) By, By da dy (16)

and if M is parallel to the y—axis the nonreciprocal phase shift for the TM mode is,
neglecting second order derivatives with respect to x:

26TM K//M
™ _
AFTM — MON// ) H, 0, H, dv dy. (17)

It is assumed that the waveguide cross section can be divided into rectangles within
which material parameters are constant. In this case the double integrals can be
converted into a sum of single integrals along the boundaries at which discontinuities
of parameters occur:

2
- /(K”Mw) |E2| da

2w e
ﬁTE BTE N Z </(K”Mw) |E5‘ dﬂ?’
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agri = 20 5 (/ (K;M>|H2|dy
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m,v—0
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wE[)N m

The index m counts the vertical (v) and horizontal (h) lines of discontinuity in
x— and y—directions, respectively. +0 and —0 indicate that the integrals have to be
taken at infinitesimal distances from the lines of discontinuity. To achieve a large
nonreciprocal phase shift according to eqns. (18) and (19), it is essential to create a
strong discontinuity of the Faraday rotation at the maximum of the mode intensities
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or to position such a discontinuity at the mode intensity maximum, respectively.
Eqgns. (18,19) show that the magnitude and sign of the nonreciprocal
phase shifts AFT5T™ depend on the magnitude and sign of the Faraday
rotation and on the geometry of the waveguide.

The TM mode phase shift was first introduced by Yamamoto et al.27. The non-
reciprocal phase shift of the TE mode was first predicted by Popkov et al.28, using
a rib waveguide parallel to stripe domains. Bahlmann et al.20 calculated the non-
reciprocal phase shift of a TE mode in a rib waveguide with a compensation wall at
the rib center parallel to the waveguide using FEM.

As an example Fig. 4 shows the calculated nonreciprocal phase shift of the TM,
mode for a double and a single layer. For the double layer the maximum of |Af|
is about 2.5 times larger than for the single layer. In addition, it occurs at a larger
film thickness and the dependence of |AfS| on the film thickness is weaker. These
properties are important for practical applications.

The experimental verification of the nonreciprocal TM mode phase shift has been
presented by Wallenhorst et al. and by Bahlmann et al.2%: 30 Some results are
shown in Fig. 5. The enhancement of |Af] is not as large as shown in Fig. 4 because
the absolute value of the Faraday rotation of the positive rotating layer is small
due to the high substitution level of gallium, necessary to achieve sign reversal of
Faraday rotation.

T T
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Figure 4: Calculated nonreciprocal TMy mode phase shift |AfS| for a double and a
single layer planar waveguide with a Faraday rotation of 1152° /cm at a wavelength
of \ = 1.3 pum. The refractive indices are n, = 1, ny = 2.33 and n, = 1.95 for the

cover region, film and substrate, respectively. The ratio d,/d; is kept fixed at 0.429.

Fehndrich et al.>! measured the nonreciprocal phase shift of the TEy mode of a
monomode rib waveguide using a stripe domain lattice parallel to the waveguide
having a period equal to the rib width, see Fig. 6. The arrangement with stripe
domains perpendicular to the waveguide is used as reference, because this geometry
does not induce a nonreciprocal effect. The authors observed a nonreciprocal phase
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Figure 5: Calculated and measured nonreciprocal 'T'My mode phase shift for a double
and a single layer monomode waveguide versus total film thickness (width 2 pm,

height 40 nm)gO.

Figure 6: Principle of the nonreciprocal TE mode phase shift using a stripe domain
lattice, top, and experimental arrangement, bottom31,

shift of [AB] = (0.840.2) em™!. This value is about half the calculated one. Reasons
for the discrepancy are: (i) The domain structure in the 4.9 mm long waveguide may
be disturbed, (ii) the cross section of the waveguide may have a trapezoidal rather
than a rectangular shape; in this case the mode profile is spatially wider extended
causing a decrease of |Af).
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Figure 7: Top: Principle of the nonreciprocal TE mode phase shift using a com-
pensation wall located inside the rib waveguide. Bottom: Calculated nonreciprocal
phase shift as function of the location Ycom, of the compensation wall. Parameters
are: rib width w = 1.4 pm, film thickness d = 0.8 um, Faraday rotation —821° /cm

at A\ = 1.3 um; the refractive indices of film, cover and substrate are ny = 2.237,

n. = 1.0, ng = 1.95, respectivel 32,

Wilkens et al.32 used a vertical compensation wall inside a rib waveguide to induce
a nonreciprocal phase shift for TE modes. This geometry, shown in Fig. 7, has
advantages over the case of a stripe domain lattice, Fig. 6. The compensation
wall is fixed and does not change position by applying an external magnetic field.
Furthermore, the nonreciprocal phase shift is larger compared to the case of a domain
lattice, because all domain walls contribute to AF with alternating signs. The
authors observed a nonreciprocal phase shift of [AS] = (0.740.2) ecm™!. According
to calculations a |[AB] of 2.9 ecm™! or 1.6 cm ™! would be expected if the compensation
wall is located at the rib center or at the rib flanks, respectively. Reasons for the
discrepancy are: (i) The position of the compensation wall varies along the 5 mm
long rib waveguide and is partly outside the rib, (ii) the cross section of the waveguide
deviates from rectangular shape. Calculated nonreciprocal phase shifts are presented
in Fig. 7, bottom, using FEM and WMM.

Fujita et al.33 measured a nonreciprocal TE mode phase shift using an asymmet-
rical waveguide, see section 4.2.2.
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For double layer waveguides the layer with positive Faraday rotation is close to the
compensation point. Thus, a strong temperature dependence of the nonreciprocal
properties arises. This behavior can be improved considerably using a paramagnetic
layer and choosing the proper sequence of the different layers as shown in30, 4.

4.2.2 Waveguides with polarization independent nonreciprocal phase
shift

For some of the nonreciprocal integrated devices discussed below it is desirable
to use magnetooptical waveguides with a polarization independent nonreciprocal
phase shift. To obtain such waveguides discontinuities of the Faraday rotation along
horizontal lines as well as along vertical lines are required. A theoretical discussion
of such waveguides is presented in3. The most promising structure is depicted in
Fig. 8. It consists of two layers. The bottom layer is in—plane magnetized, the
top layer vertically and the white arrows inicate the direction of the magnetization.
The boundary between both layers induces the nonreciprocal TM mode phase shift.
The top layer is divided in regions which are oppositely magnetized, parallel or
antiparallel to the film normal, the x—axis. In Fig. 8a) there is a periodical change,
e. g. a lattice of stripe domains, the lattice period of which equals the rib width. In
Fig. 8b) there is only one change at the rib center, e. g. a compensation wall.

The calculated nonreciprocal phase shift is plotted in Fig. 8c) versus the height h,,
of the bottom layer. The other parameters are given in the figure caption and by
the inset. The WMM is used to obtain the modal fields needed for the perturbation
treatment. A nonreciprocal phase shift of A3 = 7 cm™! equal for both, TE and TM
modes, is obtained for the case of the compensation wall and of A3 = 4 cm~! for
the case of the domain lattice. The smaller value for the stripe domain structure is
caused by the fact that the sign of the contribution to the nonreciprocal phase shift
alternates at each domain wall.

Fujita et al.33 proposed an asymmetric waveguide to achieve polarization indepen-
dent nonreciprocal phase shift. The waveguide consists of a magnetooptical raised
strip on a substrate having on one side a paramagnetic or diamagnetic cladding
layer of high refractive index. The authors report first experimental results about
nonreciprocal phase shift of such a structure.

4.2.3 Nonreciprocal TE-TM mode coupling

If the magnetization is oriented in z—direction along mode propagation, the gy-
rotropic tensor Aé couples the strong x—component of the quasi TE mode to the
strong y—component of the quasi TM mode. This coupling leads to periodical power
exchange between these modes. Denoting the z—dependent amplitudes of the nor-
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Figure 8: a,b): Geometries of two different waveguides each consisting of two layers
with horizontal and vertical boundaries of discontinuity of the Faraday rotation.
c¢): Calculated nonreciprocal phase shift both for TE and TM modes in the two
waveguides versus the thickness hy, of the bottom layer. Waveguide parameters:
ng = 1.95, n, = 2.2, ne = 2.3, n. = 1.0, h, = 0.7 um, hy = 0.5 pm, W = 1.0 pum,
wg = 0.5 pm, A =1.3 um35.

malized modes by A7¥(z) and AT (z), perturbation theory yields for the variation
of the amplitudes along z—direction:

B T e T e e

TE - * / TE ;

ATE(2) —i%sian cosl“z—i—i%? sinl'z ATH(0)
(20)

where § = (8TM + gTE) /2, AR = BT — BTF and T = ,/(AB'/2)2 + |x[2. The
coupling constant x is given by:

W €p

k is directly proportional to the Faraday rotation and the component of the magne-
tization parallel to mode propagation.

Assuming that the propagation starts with a purely TE polarized wave, the relative
power associated with the TM polarized mode after propagating along the device of
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length L is

ATM ([ )2 |2 .
‘|ATE((L)>|’2 = |/<;]24’—|Aﬁ2/4 sin® (L VK2 +A62/4) ) (22)

It is obvious from equ. (22) that a complete mode conversion can only be achieved
for the case of perfect phase matching: ™™ = g7F,

5 Nonreciprocal devices

The magnetooptical properties of optical waveguides dicussed above can be used to
design nonreciprocal integrated devices like isolators and circulators. Such devices
are presented in the following sections.

5.1 Nonreciprocal mode conversion

The first concept of an integrated isolator was based on nonreciprocal TE-TM mode
conversion. The nonreciprocal coupling between these modes is caused by the Fara-
day rotation if the magnetization is aligned along the z—axis, parallel to mode prop-
agation. If the isolator is part of an integrated optical circuit, this concept requires
in addition to the 50% nonreciprocal mode conversion another 50% reciprocal con-
version, see e. g.36’ 37, Furthermore, waveguide polarizers are needed.

The main problem of this concept is the phase mismatch between TE and TM
modes, Org # PBry. Phase matching has to be adjusted very precisely so that the
required isolation can be achieved, see equ. (22). Numerous attempts have been
started to solve this problem.

For the particular cases of phase matched rectangular raised strip waveguides and
embedded cores with square cross sections, Ref.38 presents a detailed perturbational
description including tolerance analysis of the problem.

Dammann et al.39 applied stress to the waveguide to control phase matching after
fabrication of the isolator. Wolfe et al.20 used final etch—tuning of the waveguide to
get rid of the birefringence between TE and TM modes or they applied a periodic
AL = Bre — Brm reversal*l. Tn two other attempts an elegant method was devel-
oped to adopt the birefringence in the isolator design by choosing an appropriate
input polarization42’ 43; a broadband isolation of more than 30 dB was obtained.
Nevertheless, the enormous difficulties to achieve precise phase matching induced
the investigation of other isolator concepts.

An interesting nonreciprocal mode conversion is reported by Shintaku?4. The
monomode waveguide he constructed propagates a TM mode in forward direction.
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In backward direction, however, the mode experiences a nonreciprocal phase shift
and couples now effectively to a radiating TE mode, which is below cut—off. Isolation
of 27 dB at A = 1.535 um is achieved.

Another interesting concept is described by Lohmeyer et ald. Ifin a layered
nonreciprocal waveguide with suitable geometry the magnetization is oriented in—
plane at intermediate angles, both types of nonreciprocal effects, phase shift and
mode conversion, occur simultaneously. By appropriate tuning it should be possible
in principle to balance these effects, such that phase matching is realized for one
direction of propagation only. The result is a waveguide segment that converts
TE to TM polarization (and vice versa) for, say, forward propagation, but keeps
the polarization state for light propagating in the backward direction. In Ref. 49
a concept of a four port circulator is discussed, where the described unidirectional
polarization converters are combined with polarization splitters.

5.2 Nonreciprocal Mach—Zehnder interferometer

This concept relies on the nonreciprocal phase shift between forward and backward
propagating modes. Using this effect, a waveguide Mach—Zehnder interferometer
(MZI) can be designed such that in the forward direction the modes in the two arms
are in phase yielding constructive interference while in the backward direction the
modes are out of phase by 180° causing destructive interference. The first proposal
of such a device was presented by Auracher et al 46

The principle of a nonreciprocal Mach-Zehnder interferometer is sketched in Fig. 9
for TM modes using rib waveguides. The interferometer arms with nonreciprocal
phase shift consist of double layers with opposite sign of Faraday rotation. They
are in—plane magnetized perpendicular to mode propagation. In the top interfer-
ometer only one arm has nonreciprocal properties. In the bottom interferometer
two arms are nonreciprocal. As the magnetization is oppositely directed in the two
arms the nonreciprocal phase shift has opposite sign so that the total length of
the interferometer is only half of that of the top interferometer. Isolators based on
such nonreciprocal Mach—Zehnder interferometers for TM modes are described in7.
Mach-Zehnder isolators for TE modes are discussed inS.

An experimental realization of a Mach—Zehnder isolator for TM modes is presented
by Fujita et al.49. Tsolation of 19 dB around 1.553 pm wavelength could be achieved.

5.3 Polarization independent Mach—Zehnder isolators

The waveguides discussed above, having polarization independent nonreciprocal
phase shift, can be utilized to realize polarization independent Mach—Zehnder iso-
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Figure 9: Principle of a nonreciprocal Mach—Zehnder interferometer for TM modes.
Top: One nonreciprocal interferometer arm. Bottom: Two nonreciprocal interfer-
ometer arms with opposite sign of the phase shiftd7.
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Figure 10: Principle of a polarization independent MZI-isolator with nonreciprocal
TE and TM mode phase shift separated in the two interferometer arms?0.

lators which are preferable for practical applications.

The first g)olarization independent Mach—Zehnder isolator is described by Zhurom-
skyy et al. 0 The nonreciprocal phase shift is induced for the TE and TM modes
separately in the two interferometer arms, see Fig. 10. It turns out that geometric
tolerances are very tough.

5.4 Nonreciprocal couplers

A very interesting device is the nonreciprocal X—coupler depicted in Fig. 11. For
tight coupling the section of the parallel waveguides can be treated by coupled mode
theory. The two fundamental modes are of even and odd symmetry with respect
to the centerplane, the x—z-plane, between the parallel waveguides and they have
nonreciprocal propagation constants. The coupler can be designed such that the
following coupling scheme of the four ports is obtained:
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Figure 11: Principle of a four port nonreciprocal Xfcouplerb'l.

A=—C=B—=—D=— A.

This coupler acts as a four port circulator and is thus even more versatile than an
isolator. The performance of such a nonreciprocal coupler for TM modes is calcu-
lated by Bahlmann et al.?! using FEM and BPM. Fig. 12 presents the calculated
parts A = C and C' = B of the coupling scheme. The discussion of fabrication
tolerances shows that post fabrication tuning is necessary.

Another integrated optical circulator based on a coupler geometry is presented by
Lohmeyer et al.”2. Tt consists of two parallel outer waveguides which are coupled by
a third wide, multimode waveguide in between. Conditions for four port circulator
performance are discussed.

5.5 Nonreciprocal multimode imaging (MMI)

Nonreciprocal multimode imaging devices have been discussed by Zhuromskyy et
al.?3. They can be applied as isolators and circulators. The basic geometry is
sketched in Fig. 13. A section of a multimode waveguide is coupled to two or more
monomode input and output waveguides. The input line excites all modes of the
MMI section, according to the overlap of mode profiles. These modes give rise to an
interference pattern which is periodical along the propagation direction. Thus, after
each period an image of the initial light distribution is obtained. At the end of the
MMI section the interference pattern causes coupling to the output waveguides. If
the waveguides have magnetooptical properties, nonreciprocal effects occur. Fig. 14
shows the intensity distribution for forward and backward propagation of an MMI
isolator.

A four port MMI structure is depicted in Fig. 15. It can act as a circulator as
sketched in the figure. The calculated performance of such a circulator for TE modes
is presented in Fig. 16. Inside the multimode section there is one up and one down
domain of equal width located parallel to the waveguide. The vertical lines marked
I and II refer to the lengths L = 3530.5 ym and L = 3658.5 um of the multimode
section, respectively.
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(b) Backward propagation,
connection C = B

Figure 12: Calculated performance of a four port nonreciprocal X—coupler for TM
modes, showing: (a) one of the forward connections (straight, even number of cou-
plings) and (b) one of the backward connections (crossing, odd number of couplings)
51

2a,

Figure 13: Principle of a two port MMI structure
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Figure 14: Calculated intensity distribution of a two port MMI isolator.
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Figure 15: Principle of a four port MMI structure?.

20



10 log,, P,../ P, [dB]

10

351 3.55 359 363 3.67 371 375

L, [mm]

Figure 16: Calculated performance of a four port nonreciprocal MMI circulator.
The ratio between output and input power in dB is plotted versus the length L of
the multimode section. The material parameters are n, = 1.0, ng = 2.2, ng = 1.95,
OFsat = 2880°/cm and A\ = 1.3um. The geometrical parameters, see Fig. 15, are

h=0.7um, a=0.5pum, W=445um, S=1.1 ,um53.

Cross strip isolator

An interesting variant of nonreciprocal MMI devices is the cross strip isolator,
introduced by Lohmeyer et al.?4. The principle for a TM mode is sketched in Fig. 17.
It consists of an in—plane magnetized double layer with opposite sign of Faraday
rotation. Light is propagating in z—direction. Perpendicular to this direction a cross
strip of variable length L(y) and height A is etched, such that outside this strip the
planar waveguide is monomode while in the strip region the vertical fundamental
and the first order mode can propagate. The cross strip is of trapezoidal rather than
of rectangular shape, however, the angle « is only a few degrees.

The operation of this isolator is as follows: An incoming mode TMY® excites at
the beginning of the cross strip, z = 0, the fundamental and first order modes TMZ
and TMZF. Constructive interference of these modes excites at the end of the cross
strip, 2 = L(y), the outgoing mode TMZ*. In backward direction, the interference
of the modes is destructive and light is radiated into the cover and mainly into the
substrate region. This behavior is simulated in Fig. 18. The calculated performance
of such an isolator at a central wavelength of A = 1.3 um is presented in Fig. 19. It
is also shown that reflections at the boundaries of the cross strip can be neglected.
The additional and important advantage of this isolator is the possibility to adjust
the interference by varying the strip length L(y) by shifting the input coupling along
the y—direction. First experimental result of this type of isolator are given in Ref.??,
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Figure 17: Principle of a cross strip isolator, showing: (a) top view, (b) cross
section®?.

Figure 18: Simulation of the operation of a cross strip isolator. Top two lines:
forward propagation, bottom two lines: backward propagation.”~.
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Figure 19: Calculated performance of a cross strip isolator. Top: isolation, bottom:
forward loss™4.

6 Integration techniques

Even if a waveguide garnet isolator would be available, its integration with a semi-
conductor laser remains a severe problem which is mainly twofold.

i) It is necessary to combine these different materials into the same device using
chemical and/or physical techniques.
ii) The refractive index of garnets is around 2.4, while that of semiconductors is
in the range of 3.5. Thus, optical modes are strongly confined to the semiconduc-
tor waveguides hindering the penetration of mode fields into the adjacent garnet
structures.

Various techniques have been applied to grow semicondutors on garnet substrates®0: 97
More recently, it was demonstrated that direct wafer bonding is a promising tech-
nique to combine magnetic garnets and semiconductor materials?® 29, Especially
silicon on insulator (SOI) looks as a very interesting platform for integrated op-
tics. Using special design of the interface of the bonded wafers a strong overlap of
modal fields between semiconductor and garnet film can be achieved leading to a
considerable enhancement of the nonreciprocal phase shift of the TMy mode 0, 61

An interesting hybrid solution for an optical isolator is presented by Sugimoto et
al.62. The authors obtained an isolation of more than 25 dB at a forward loss below
3.2 dB in the wavelength range around 1.55 pm.
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7 Garnet-waveguide lasers

A further possibility to solve the above mentioned material problems is the fabri-
cation of channel lasers in garnet substrates which can more easily be integrated
with garnet—isolators. Although such lasers have to be pumped optically by semi-
conductor diode lasers, the performance of the latter is not as critical as that of
the semiconductor lasers used directly as light sources in optical communication
systems.

Among garnet laser crystals, yttrium aluminium garnet (YAG) and gadolinium
gallium garnet (GGG) are the most commonly used laser hosts. Especially the
GGG substrates are best suited for integration with isolators. Waveguides for laser
applications can be prepared by liquid phase epitaxy (LPE), ion 1mp1antat10n63 64

pulsed laser deposition (PLD)65 and thermal bonding®0

Successful laser operatlon in 6planar waveguides of Nd:GGG and of Nd:YAG is
reported in Refs. 64, 66, 67, 68, 69 e highest slope efficiency of 14% is achieved
by Chartier et al.98 for an LPE grown Nd:YAG planar waveguide laser at a threshold
of 14 mW.

A monomode channel waveguide Nd:GGG laser is presented by Field et al.’0. A
slope efficiency of 27% and a 8 mW threshold at a wavelength of 1.062 ym are
reported A buried channel waveguide of Yb:GGG is described by Shimokozono et
al. ! achieving a slope efficiency of 14%. Gerhardt et al. 72 fabricated a channel
waveguide in Nd:GGG. The performance is presented in Fig. 20. In the meantime
the threshold of this laser has been decreased to 5 mW. The laser is pumped at a
wavelength of 0.807 um. The laser is operated without selecting mirrors, thus it
lases at the strongest laser wavelength of 1.062 pm.

For practical applications it is desirable to prepare an erbium laser in a garnet
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Figure 21: Laser emission of an Er:GGG channel waveguide Jaser’3,

substrate which is lasing at a wavelength around 1.55 pm, which is used for optical
communication via glass fiber. Concerning integration with an isolator, the best
idea would be to use as host crystal yttrium iron garnet (YIG). However, excited
state quenching by Fe?* ions is too strong preventing realization of such a laser.
Schroter 3 prepared an channel waveguide laser in Er:GGG. Fig. 21 shows the laser
line at A = 1.534 ym and the pump line at A = 1.480 um together with the emission
spectra. A threshold of 84 mW is observed. However, this threshold can be reduced
if a pump at 0.980 pym is used.

Conclusion

During recent decades integrated nonreciprocal devices for optical communication
have been investigated intensively. Activities now concentrate on nonreciprocal
phase shift in combination with Mach—Zehnder interferometers rather than on non-
reciprocal mode conversion. Considerable progress is achieved towards practical
solutions.

Theoretical tools to simulate and modulate optical circuits are developed to a
high standard. Numerous concepts have been designed and discussed theoretically,
including polarization independent devices.

The experimental techniques to prepare single mode waveguides and to character-
ize such waveguides are very well established. However, up to now only few of the
theoretical models are realized and tested experimentally. The very strict geomet-
rical tolerances form a severe barrier to overcome. The promising devices based on
multi-mode—-imaging should gain more attention.

The combination of garnets with semiconductor materials has been successfully
demonstrated using wafer bonding.
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However, despite of the large progress achieved, a lot more effort is needed till
practical waveguide versions of nonreciprocal devices integrated with semiconductor
lasers will be available. In the meantime, hybrid solutions must be used.
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