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1. Introduction

Since the spectral stability of lasers degrades in the presence of reflection, nonreciprocal devices
such as isolators are crucial to stabilize laser oscillation by eliminating reflected light in optical
communication systems.1’2 Magnetooptical waveguides are the fundamental components for
nonreciprocal waveguide isolators. The main ideas of the magnetooptical waveguides depend on the
magnetooptic mode couPIing in which the key parameter is the difference of the propagation constants
of the coupled modes.>* Best design of a magnetooptical isolator using channel waveguides is difficult
to be considered in three dimensions. Therefore, the effective-index method is used to reduce the three
dimensional problem to match the solution of two-dimensional (2-D) problem.5 For nonreciprocal
integrated optical isolators, the variation of the propagation constant when direction of propagation is
reversed, leads to a significant device parameter. The difference AB between the phase constants for
forward and backward propagation of TM modes is used to quantify the nonreciprocity of a mode® The
nonreciprocal phase shift is produced by asymmetric guiding TM modes in the presence of a dc
magnetic field applied transversely to the light propagation direction in the film plane.7 Bi-substituted
rare-earth ions in polycrystal garnet produce magnetooptical garnet films which have a large Faraday
rotation® and a large absorption coefficient at 1.3 pym wavelength used for fiber-optic communication.” A
substantial effort has been made to study nonreciprocal operation of TM modes guided by waveguide
with a magetooptic film Iayer.m'13 However, a few attempts have been performed to study the application
of metamaterials (MTMs) into nonreciprocal isolators. Physical effects of metamaterials with
simultaneously negative values of permittivity and permeability were first investigated theoretically by
Veselago.14 These metamaterials are also known as left handed media because the electric and
magnetic fields form a left-handed set of vectors. The physical awareness of these left handed media was
exhibited for a new set of engineered materials named left handed metamaterials.'® Such metamaterials
have attracted attention in optical systems due to their unusual properties. Kim et al."® have numerically
investigated the guided dispersion characteristics of the grounded metamaterial slab waveguide for
various metamaterial parameters. The results may have applications in areas of the subwavelength
compact waveguiding structures with the improved power-confinement characteristics of the superslow
waves. Stress effect on the performance of optical waveguide sensor consists of dielectric slab inserted
between metamaterial cladding and metamaterial substrate has been investigated by using numerical
calculations."” The role of the MTMs parameters on the guided dispersion characteristic of the waveguide
isolator is numerically investigated by introducing several sets of negative permittivity and permeability
with their products kept the same.'® '

In the present study, we present a new type of an integrated magnetooptical isolator. We considered
the film and the cover regions are magnetooptic while the substrate is made of metamaterial. The
proposed isolator uses only the TM mode propagating perpendicular to the in-plane magnetization of a
planer magnetooptical waveguide. The cut-off thickness of the integrated isolator varies with the
propagation direction. The chosen thickness of the proposed isolator yields a big difference between the
coupling coefficient for forward and backward propagation. Typically, planner waveguide isolators have
three layers: the cover, film, and substrate. In the structure treated in Refs. 18 and 19, the film is the only
magnetooptic layer. It would be interesting to see if the noreciprocity is assisted or hindered if the cover
region is also magnetooptic. In section Il, we inspect waveguide isolator where the cover and the film
regions are magnetooptic as well as anisotropic and derive an exact dispersion relation for TM modes.
Next, section Il is focused on numerical calculations followed by discussion of the results in section IV.
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2. The Optical Isolator
A schematic structure of the waveguide is shown in Fig. 1. The waveguide consists of three layers: the
cover, the film, and the substrate. The cover and film regions consist of iron garnet films with dielectric
tensor ¢; is defined as®
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where i denotes c for the cover and f for the film. The magnetization M is adjusted in the cover and film
planes perpendicular to the field propagation direction. All numbers in the dielectric tensor are real.
Gyrotropy, the off-diagonal components ¢,,; , is the result of magnetization and related to the specific
Faraday rotation 6 by | .| = 2n;| 6¢| /k, where n; is the refractive index, where i=f for the film and i=c for
the cladding, and k=2m/A the vacuum wave number with A is the vacuum wavelength. The substrate is
filled with MTMs having permittivity s and permeability z.
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Fig. 1. Basic Geometry of the waveguide isolator.

Consider plan wave propagating in the z direction. The electric and magnetic fields for Transverse
Magnetic mode (TM) assume the following oscillating form

E = (Ex, 0, Ez) exp[j(a)t—ﬁz)],

H = (O, Hy, 0) exp[j(a)t—/a’z)],
where 8 = n.zk denotes the propagation constant, n.the effective refractive index, w = ck the frequency,
and c is the speed of light. The waveguide is assumed homogeneous in z-direction, the direction of light
propagation, and that all the materials are lossless.

In the film and cladding regions, applying the fields Eq. (2), into Maxwell's equations yields the
following dispersion equation:

(2)

d’H

TZW‘ + (K, - BHH, =0, (3)
X
2
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where i denotes ffor the film region and c for the cladding region, and ¢, = ¢_, -

2zi

gxxi

In the calculations, it is assumed that the magnetooptic media are isotropic (i.e.¢,, = ¢ ). The
transverse fields can be calculated from the following equations

we JE i@

yi = TM E,; + 5 E,, (4)
1 dH i E .
Ezi _ i ﬁ xzi Hy[ , (5)
' JE,;@ dx £
gx"i aH)’i
BH,; -—
E - £ Ox (6)
" EgWE,;
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The transverse magnetic field in the film which satisfies Eq. (3) is assumed to be,
Hyf = Bsin(yfx) + Ccos(yfx), (7)

where y, = szgvf - /7’2 , and B and C are constants to be found from boundary conditions.

In the cladding, the solution of Eq. (3) is

H, = D¢ T (8)

where y = ﬁ2 - kzs,. and D is a constant to be calculated using boundary conditions. For the film and
& Ve g

the cladding, the corresponding electric field component, E; is defined by Eq. (5).
In the substrate region, Maxwell's equations for the transverse components of the electric and
magnetic field vectors yield the following differential equation:
2
d°H
i+ (BT - KnDH = 0, (9)
dx Y

where n, = \je, u

s

H =ce"", (10)

ys

where y, = |- k’n , and Cis constant to be found using boundary conditions. For the substrate, the
corresponding electric field component, Es is

1 dH
E, = —. (11)
Jjowe,  dx
Using the solutions for H, and E, and applying the boundary conditions (continuity of £, and H,), we
obtain the transverse equation:

ypd = 6, + 6, +mm, (12)

6, = tan” 1|:€Lf ()’C + /5%}-/5%/:| ) (13)
4 f Eoe €xe gx)qf
6, —tan”| | Ly gt |, (14)
Vil & ey

and m is an integer, indicates the mode order.

Since linear terms of the propagation constant 8 come in Egs. (13) and (14), the solution of Eq. (12) is
different for the forward direction B* and the backward direction 8~ depending on the sign of 8. The
difference AB = B* - B between the forward and backward propagation is calculated numerically. To
achieve a large AB, the permittivity (g5) and the permeability (v5) of the metamaterial substrate are varied
by introducing several sets of parameters with their products kept the same, i.e., e4us = 4.0 as used before
in Ref. 16.

To measure the confinement of such isolator, the intensity distribution of the fields is calculated. The
intensity is normalized to the total intensity /, of the waveguide:

1, = [7|E ['ax (15)

The coupling efficiency n of the optical isolator into a fiber optics which represented by Gaussian
profile is determined to estimate the forward and backward losses of the isolator and is give by,

2
[7E, -ESdy
n= 7> (16)
E2|E] dve 02]ES| ax
where E, represents the propagating field into the isolator and Ef is the electric field distribution of the
Gaussian profile describing a glass fiber and can be expressed as follows,

2
Ef=ExGO-exp —(xz_z’) s
’

where

(17)
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where r is the decay width. The Gaussian profile is centered at the film-cover interface, x=d at which the
intensity of the isolator is maxima.

3. Numerical Calculations

The numerical calculations have been perfumed by selecting typical parameters of magnetooptical
material for both the film and the cover. The parameters used in these calculations are: ecxx =484, gy =
4.84+A¢,,, Ac,y is small number of the order of 10 as shown in Ref. 21, k = 2mA1.3 pm , Ecxz = £0.005
where (+) indicates for forward propagation and (-) indicates for backward propagation and Ehz = “Eoxz A
large value of Ag,, = €, - €4, can be achieved when the absolute values of the components ¢, are large
and have opposite signs in cover and film. For this purpose, Bi-substitution of polycrystal garnet film is
functlonal The value of ¢, = 0.005 matches a specific Faraday rotation of 28807cm at a wavelength of
1.3 pm For the MTM substrate, we chose several sets of uys and &; with their multiplication kept
constant as in Ref. 16. The selected values are presented in Table 1.

Table 1. Combinations of €5 and s with their product kept constant, i.e., esus = 4.

1 2 3 4
&s -8.0 -4.0 -2.0 -1.0
Ms -0.5 -1.0 -2.0 -4.0

4. Results

The focus of our study is only the first TM propagated mode which corresponds to m=1 (TM,). The
effective refractive index of these TM; is different for forward and backward propagation. The cut-off
thickness of the forward and backward propagation is drawn as a function of the difference A, = €px—
Eexx iN Fig. 2 for dlfferent sets of € and y; for MTM substrate as listed in table 1. The value of Ag,, is taken
to be equals to 10, The cut-off thickness o°* and d” are of the order of 9.2 and 11. 1um for forward and
backward propagation respectively. These values are in good agreement with the diameter of fiber optics.

Fig. 3 illustrates the dependence of the propagation constants (B, and ) for forward and backward
propagation respectively on the film thickness at the value of Ag,, = 10, It is shown that the propagation
constants depend on the values ¢; and y/; for the MTM substrate as listed in table 1.

Fig. 4 displays the coupling efficiencies n* and n~ for forward and backward propagation

correspondingly. The coupling coefficients to the isolator are highly different at the cutoff thickness for
forward and backward propagation. Moreover, the coupling efficiencies depend on the values of the
MTM parameters.
The intensity of the forward propagating TM; along the film normal is demonstrated in Fig. 5 for variant
values of the film thickness in the range of the cut-off thicknesses d° and d”. The difference As,, is
considered to have the value of 10° in this calculation. The intensity distribution attains intensely into the
cover region.
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Fig. 2. Change of cut-off thickness with the difference between the components &, of the
dielectric tensors of film and cover at different values of €5 and s with their product kept

constant of the value equal to 4. going from up to down, the values of ¢ are equal to -8, -
4.-2.and -1.
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Fig. 3 Dependence of propagation constant of the TM; mode on film thickness for forward
and backward propagation for various values of & and y. starting from up the values of &
are: -8, -4,-2,and -1
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Fig. 4. Simulated coupling efficiency between TM; mode of the waveguide and a glass
fiber which is characterized by a Gaussian profile for different values of & and y . From
below the values of € are: -8, -4, -2, and -1.

5. Conclusion

The cutoff thickness of magnetooptical isolator consists of isotropic magnetooptical materials film and
cladding and MTMs substrate is calculated. It is found that the cutoff thickness of the isolator can be
tuned by changing the values of €s and ps. A further step is done by calculating the coupling efficiencies
into Gaussian profile for forward and backward propagation. The results exhibit that the coupling
efficiencies vary with changing the MTM parameters. The thickness of the isolator is chosen such that a
big variation between the coupling efficiencies for forward and backward propagation is produced. The
results are encouraging to be applied to the design of various nonreciprocal integrated-optical devices
which use the first mode.
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Fig. 5. Difference of the normalized intensity of the TM,; mode along the film
normal; parameter is the film thickness at &=-4 and p=-1.
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