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Chapter
Optical Propagation in
Magneto-Optical Materials

Licinius Dimitri Sd de Alcantara

Abstract

Magneto-optical materials present anisotropy in the electrical permittivity con-
trolled by a magnetic field, which affects the propagation characteristics of light and
stands out in the design of nonreciprocal devices, such as optical isolators and
circulators. Based on Maxwell’s equations, this chapter focuses on the wave propa-
gation in magneto-optical media. The following cases are covered: The propagation
of a plane wave in an unbounded magneto-optical medium, where the phenomenon
of Faraday rotation is discussed, and the guided propagation in planar magneto-
optical waveguides with three and five layers, highlighting the phenomenon of
nonreciprocal phase shift and its potential use on the design of nonreciprocal optical
devices.

Keywords: magneto-optical media, light propagation, Faraday rotation,
nonreciprocal phase shift, optical devices

1. Introduction

A material is classified as magneto-optical (MO) if it affects the propagation
characteristics of light when an external magnetic field is applied on it. For ferro-
magnetic materials, which are composed by magnetically ordered domains, MO
phenomena may also occur in the absence of an external magnetic field. A great
number of magneto-optical phenomena are the direct or indirect outcome of the
splitting of energy levels in an external or spontaneous magnetic field [1].

The MO effect depends on the polarization of the magnetic field. It also depends
on the polarization of the light and on its propagation direction, so it is an aniso-
tropic phenomenon, which has attracted great attention from researchers in optical
devices. The MO materials can have their anisotropy controlled by a magnetostatic
field (Hpc), and this behavior can be exploited on the design of nonreciprocal
devices. By nonreciprocal devices or structures, it means that waves or guided
modes supported by them have their propagation characteristics altered when the
wave propagation sense is reversed. Optical isolators and circulators can be
highlighted as examples of such devices. Isolators are designed to protect optical
sources from reflected light and are present in optical amplification systems. The
circulators are employed as signal routers and act in devices that extract wave-
lengths in WDM systems.

The design of optical devices with MO materials is addressed in several works
such as [2-5]. The challenges for the design of such devices are the development of
MO materials with high-induced anisotropy and high transparency at the optical
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spectrum. Therefore, research activities on the improvement of MO materials and
structures have also great relevance and are covered in works such as [6-10].
Integration of MO materials and structures with other optical system components,
with reduction of insertion losses, is also a target for researches in optical devices.
Research of MO effects in optical structures such as photonic crystals has also been
addressed [11-13].

This chapter presents analytical formalisms derived from Maxwell’s and wave
equations to analyze the propagation characteristics of transverse electromagnetic
(TEM) waves in unbounded magneto-optical material. The guided propagation
characteristics of transverse magnetic (TM) modes in three- and five-layered planar
magneto-optical waveguides are also formalized and discussed. The analytical for-
malism is versatile so that each layer can be set as magneto-optical or isotropic in
the mathematical model.

2. Wave propagation characteristics

This section focuses on the optical propagation analysis in magneto-optical
media using Maxwell’s equations as starting point. In a magnetized MO media,
cyclotron resonances occur at optical frequencies, if the wave is properly polarized.
This physical phenomenon induces a coupling between orthogonal electric field
components in the plane perpendicular to the applied magnetostatic field Hpc,
which affects the wave polarization. Depending on the orientation of the magneto-
static field, the configuration of the electric permittivity tensor changes. If Hp is
oriented along one of the Cartesian axes, the relative electric permittivity assumes
the form

[(n2 0 0]

&= 10 n* js|,forHpc | x— axis; (1)
0 s 2]
[ n?2 0 j§]

&= 0 n?> 0|, forHpc|y— axis; (2)
| —j6 0 n*]
[ w2 j5 0]

& = |—j5 n* 0 |,forHpc | z— axis. (3)
| 0 0 n?]

where 7 is the refractive index of the material and 6 is the magneto-optical
constant. The MO constant is proportional to Hpc. If the sense of Hp( is reversed,
6(-Hpc) = —8(Hpc), and for Hpc = 0, the off-diagonal components of the electric
permittivity tensor are zero [14, 15].

2.1 TEM wave in an unbounded magneto-optical medium

Let us consider a TM wave propagating in an unbounded MO medium, as shown
in Figure 1.

From Maxwell’s equations, the vectorial Helmholtz equation for anisotropic
media and for the electric field E(x, y,z) can be written as

0*uyeo,E + V’E — V(V . E) =0, (4)
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Figure 1.
TEM wave in an unbounded magneto-optical medium.

where o is the angular frequency in rad/s, uo is the magnetic permeability of the
vacuum in H/m, and ¢ is the electric permittivity of the vacuum in F/m.

To develop a plane wave solution for MO media, it is assumed that Hp is
parallel to the y-axis and &, is given by Eq. (2) from now on. This assumption does
not imply on lack of generality because it is assumed that the wave propagates at an
arbitrary direction, with the electric field vector given by

E = Egexp (jowt) exp [—j (yxx +r,y + }/zzﬂ . (5)
wherey = yx? -l—yy)? -l-yzﬁ is the propagation constant vector.

From Gauss’ law for a medium with equilibrium of charges, V. (EOEE) =0, we
obtain:

_ .5 [0E, OE,
V'E—fﬁ(a—ax)' (6)

Substituting Eq. (6) into Eq. (4) leads to

- = — 0 oE, OE. —
2 = 2 . x z
E+VE—j]=V|—— =0.
@ Hotoe )2 ( oz 0x> @

Expanding Eq. (7) in the Cartesian coordinates results in

O’E »E »E 5 (’E »’E
2 2E iSE X X x . X Z
@ Hoo (1’! x ]6 Z> axz @12 622 ]1’12 (axaz axz) 0’ (8)
’E, &E, O0E 5 (PE ’E
2 2 Y Y 'y . X z\
a),uoeonEy—i—W—i——iz F—]—2<a ) —a >— y (9)
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@’ poo (—jOEy + n’E;) +

’E, &E, O0E, .6 <02Ex E,

-] — = 0. 10
P dy? T T\ axdz> (10)

The spatial derivatives in Egs. (8)-(10) are now calculated by considering
Eq. (5):

.0 ) 1
(602#0“?0”2 - |}’|2 —]ﬁifx}’z)Ex +jo (0)2,“080 - ﬁyazc)Ez =0 (11)
2 2 g, 40 E E.)=0 (12)
@ uoeon” — 7" ) By +j 5 (nyreBx —reryEz ) = 0,
. 2 1 2 2 2 2 . o i
8\ @ oo — 57z | Ex + | @ Hogon” = lr" —j 5 ¥xrz |Ez = 0, (13)

where [y| = /v +7; + 72

2.1.1 TEM wave with electric field vector parallel to Hpc

By observing Eqs. (11-13), we note that when the electric field of the electro-
magnetic wave is polarized along the y-axis and is parallel to Hpc, so that
E, = E, = 0, the magneto-optical constant ¢ related to Hpc will have no effect on the
propagation characteristics of the wave. In this case, from Eq. (12), the propagation
constant modulus would be

7| = now/ug€o, (14)

which is the same expression for a traveling wave in an isotropic material. Note
that when the electric field is polarized along the y-axis, the wave is traveling in the
plane xz, so that y, = 0.

2.1.2 The general expression for the propagation constant

In a general case, by solving the system formed by Egs. (11) and (13), we obtain
the following equation

5 2 1 1
(a)z,uosonz —IrP —j ﬁyxyz> — & <a)2,u080 - ﬁyi) (a)z,uoeo - ﬁyﬁ) =0. (15)

Solving Eq. (15) for |y|, we obtain:

5 1 1
Yl = | @*Hoeon? =] 571z £ 5\/ (wzuoeo - ﬁn%) (wzuoeo — ﬁrﬁ)- (16)

Note that when the MO constant é = 0, Eq. (16) reduces to Eq. (14).
The parameters y, and y, are projections of the propagation constant vector
along the x and the y-axis, respectively.

2.1.3 TEM wave propagating parallel to Hpc

If the TEM wave is propagating along the Hp direction (y-axis), so that
Yx = Y= = 0, Eq. (16) assumes the simpler form:
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ly| = o/ poeo(n* £ 6), (17)

and from Eq. (5), the electric field vector becomes

E = (Boci+Eo.K ) exp [ — yorr/ugeo (n? £3)) | (18)
From Eq. (11), we see that the electric field components are connected by
@’ Hgeo

(@Hoean? — 1r1")

Substituting Eq. (17) in Eq. (19), we obtain:

EOz- (19)

Eox = —jo

Eox = HE,,. (20)

Therefore, substituting Eq. (20) in Eq. (18), and given that 45 = exp(&£jz/2), the
electric field components can be written as

E, = Ep; exp []’(a)t — Yo/ poeo(n? £ 6) £ 7r/2>}, (21)

E, = Eo; exp @'(a)t —ya)\/m)} ) (22)

Egs. (21) and (22) represent a circular polarized wave, which can be dismem-
bered into two circular polarized eigenmodes propagating along the y-axis with
different propagation constants. If the plus sign (in “+”) is adopted for Egs. (21)
and (22), we obtain a counterclockwise (CCW) circular polarized eigenmode. Oth-
erwise, if the minus sign is adopted, we obtain a clockwise (CW) circular polarized
eigenmode, as shown in Figure 2. From Eq. (17), it is possible to associate an
equivalent refractive index to each eigenmode:

nt = v/n? + 6, for the CCW circular polarized eigenmode;
n~ = vn? — 6, for the CW circular polarized eigenmode.

A linear polarized wave propagating along the y-axis may be decomposed into
two opposite circular polarized waves in the xz plane, as shown in Figure 2. Since
these eigenmodes propagate with distinct propagation constants, the linear

X | | ¥, (!)\,"";Qll,z‘,'ll(.il: I()')

A

‘(') E* (circular CCW)

______ B .
—

. £ (linear polarized)
-
il

@ E- (circular CW)

|7/_|:7;_- = (’)‘\,/‘/"10‘90(”2 _5)
Figure 2.

Decomposition of a linear polarized TEM wave into two circular polarized components. The circular polarized
components travel with distinct propagation constants in a MO medium.
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polarization will rotate in the xz plane as the wave propagates along the y-axis, in a
phenomenon known as Faraday rotation, which is depicted in Figure 3.

When the sense of the magnetostatic field Hpc is reversed, the magneto-optical
constant § changes its signal, and the values of #* and #™ are interchanged, and the
sense of rotation of a linear polarized wave in the MO media will change.

The Faraday rotation angle (¢r) may be calculated (in radians) as a function of
the propagation distance y by

<¢+—¢—>=%<n+j—:y—"_% ) =5 (Veieo—Vai=s)y @3

NI =

$r =

where /g is the optical wavelength in vacuum. The Faraday rotation effect is
responsible for a periodic power transfer between the transverse components, in
this case, E, and E,. This phenomenon in MO materials may be exploited for the
design of optical isolators based on Faraday rotation.

When a MO waveguide, with Hp applied along its longitudinal direction,
supports degenerate orthogonal quasi TEM modes, the power transfer between
these modes will be maximized. Figure 4 shows a MO rib waveguide [16], where
layers 1 and 2 are composed of bismuth yttrium iron garnet (Bi-YIG) grown on top
of a gadolinium gallium garnet (GGG) substrate with ngg = 1.94. For the Bi-YIG
layers, the relative permittivity tensor has the form of Eq. (2), with 6 = 2.4 x 104,

Figure 3.
Faraday rotation of a linear polarized TEM wave in a MO medium. The propagation divection is parallel to
the magnetostatic field Hpc.

w

Air — 5 X

h Layer 1 (MO)

I§)

Substrate GGG

Figure 4.
Magneto-optical rib waveguide.
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nqy = 2.19, and n, = 2.18. The waveguide dimensions are w = 8 pm, ~# = 0.5 pm,
t1 = 3.1 pm, and ¢, = 3.4 pm. The optical wavelength is 4o = 1.485 pm.

Figure 5 shows numerical results for the power transfer between the transverse
components along the propagation direction. These results were obtained using a
finite difference vectorial beam propagation method (FD-VBPM) [17]. We observe
that the length for maximum energy transfer is around 6800 pm. In practice, as
observed in [16], the device length must be set at half that length (~3400 pm) so
that a 45° rotation is achieved at the output port. Therefore, if a reflection occurs at
this point, the reflected field will complete a 90° rotation at the input port, which
can then be blocked with a polarizer without affecting the input field, so that an
optical isolator is obtained.

In Eq. (23), by adopting 6 = 2.4 x 10~ %, % = ny = 2.19, A9 = 1.485 pm, and
¢r = n/4 (45°), we obtain y = 3388 pm, which is a propagation length that
converges with the FD-VBPM result.

2.1.4 TEM wave propagating along the diagonal of an imaginary cube

Before finishing this section, let us consider another particular case of propaga-
tion direction—suppose, in Figure 1, that y, = y, = 7, = 7, with y,, # 0. This case
corresponds to a TEM wave propagating along the diagonal of an imaginary
cube, adjacent to the Cartesian axes. From Eq. (16), we obtain:

.0 1
vl = \/wzﬂofof’l2 —]ﬁﬁ + 5<CU2#080 - ﬁﬁ) (24)

From the relation |y| = , /y2 + }/}% + 72 we can also obtain:
Il = raV3. (25)

Equaling Eqgs. (24)—(25) and solving for y,, result in

Moo (n* £ 6)

) 26
325170 26)

Yu =@

< o e e
S (o)} [ee] o
I 1 | |
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=
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Ex
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Figure 5.
Normalized intensity evolution of the transverse field components along the propagation dirvection (y-axis) of
the MO waveguide.



Electromagnetic Materials and Devices

Substituting Eq. (26) in Eq. (25), we obtain the propagation constant:

Moo (n* £ 6)

— (27)
1+ +j3

ly| = o

The corresponding electric field vector can be retrieved by substituting the
results of Egs. (26)—(27) in Eq. (11) to obtain

E, = HE_. (28)
However, for the considered propagation direction, the E, component is not
zero. From Eq. (12) we obtain:

2 . 2
L L5 433407 29
5n?

By using the results of Egs. (26)-(29) in Eq. (5), we can express the electric field
vector for this particular case by

— > nrEs+j3(6En?) o - , Hogo(n? £ 8)
Ez(j:] i— o ]+k>EOZexp jl ot — m(x—ky—i—z)

2

(30)

where i, j, and k are the unit vectors along the x-, y-, and z-axis, respectively.

As in the previous case of propagation, Eq. (30) provides two eigenmodes for
TEM propagation. From Eq. (28) we can observe that, when projected in the xz
plane, the electric field vector of each eigenmode is circular polarized. The combi-
nation of these eigenmodes will result in a wave with linear polarization progres-
sively rotated as it propagates. The E, component has the role of projecting the
Faraday rotation to the plane perpendicular to the propagation direction (the diag-
onal of the cube), since the wave is TEM regarding this propagation direction.
Figure 6 shows a simulation of the TEM wave eigenmodes along the diagonal of an
imaginary cube.

The simulations presented in Figure 6 were performed for f = 193.4145 THz,
n =2, and 6 = 0.2. Note that both eigenmodes present losses as they propagate. This
is due the complex characteristic of the propagation constant expressed by Eq. (27),
where the imaginary part depends on the magneto-optical constant §. It was
observed that increasing 6 enhances the Faraday rotation but also increases the
losses for diagonal propagation.

Equivalent refractive indexes for the circular polarized eigenmodes can be
obtained from Eq. (27), which leads to the following equation to compute the
Faraday rotation for diagonal propagation:

ps n4+45 n2—56
— 7 Re ___ —_\a, (31)
P = <\/1+3—gz+]3—32 \/1_%+]3—52>

where d is the propagation distance along the diagonal.

Forn =2, = 0.2, and 1¢ = 1.55 pm, we obtain ¢z/d = 0.27046 rads/pm.
Comparing with the case for propagation along the y-axis (parallel to Hpc), by
using Eq. (23), we obtain ¢r/y = 0.40549 rads/pm. These results show that we can
obtain a better Faraday rotation when the propagation direction is aligned with the
magnetostatic field, when considering TEM waves.
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Eigenmode 1: Circular CCW Eigenmode 2: Circular CW

Eigenmode 1 + Eigenmode 2

Figure 6.
TEM eigenmodes for diagonal propagation where Yy = Yy = Y. The trajectory of the electric field vector is
represented by red lines.

XA
N, 0y Layer 3
=g Waveguide core
n; o, I d
x=-d
ny; 6, Layer 2
® >z
¥

Figure 7.
Longitudinal section of a planar MO waveguide.

2.2 TM mode in a planar magneto-optical waveguide

Figure 7 presents a planar MO waveguide, which is composed by three MO
layers. The magnetostatic field Hpc is applied along the y-axis. The propagation
direction is now the z-axis. The planar waveguide supports transversal electric, TE,
modes (H,, E,, H; components) and transversal magnetic, TM, modes (E,, H,, E,
components). As discussed in Section 2.1.1, if Hp is parallel to the electric field
vector of the wave, then MO constant § does not affect the propagation character-
istics of the mode. Therefore, for the TE modes, no MO effect will be observed. For
TM modes, however, the electric field components are perpendicular to Hpc, and
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nonreciprocal propagation characteristics will take place. In this section, mathe-
matical expressions to calculate the propagation constants for TM modes in a MO
planar waveguide will be derived. For the occurrence of guided modes in the
structure shown in Figure 7, n; > n, and 4 > n;.

Defining Z as the inverse of the electric permittivity tensor of Eq. (2), we have:

[ L
n4 — & 0 n* — &
2 gxx 0 _gzx
= =1 n
E=5'=| 0 = 0o |=|0¢ 0o &
n*—20
j5 7’L2 gzx 0 ézz
| n4 — 52 0 nt— 5 |

From Maxwell’s equations at the frequency domain, considering TM modes (E,,
H,, E, components) and no field spatial variations along the y-axis, we obtain:

ok,

jouH, = jpE, + a—x“’, (33)

B = €0 (fxway *J w ox )’ (34)
o 1 ﬂ -‘fzz aHJ’

k. = £0 (52xa)Hy J w ox ) (35)

where f is the propagation constant of the guided TM mode in radians per

meter.
Substituting Eqs. (34)-(35) in Eq. (33), we obtain the following wave equation
for nonreciprocal media in terms of the H,, component:

2 2 2

0x? £z

where ko = w,/ug,.

The solution for H, is expressed for each waveguide layer as.

H, = Cexp (—(x), forx >0. (37)
H, = Ccos (kx) 4+ D sen(xx), for-d <x <0. (38)
H, = [Ccos (kd) — D sen(kd)] exp [y(x +d)], forx < —d. (39)

The solution for the component E, at each layer is obtained by substituting the
corresponding solution for H, in Eq. (35), resulting in.

C
— (3) irEB) _
E=_ (6395 +jcel)) exp (~x), for x> 0. (40)
1
- (1) e (1) — i@ _
E, = pov {C [fzxﬂcos (kx) + jré,, sen(xx)] +D [sz psen(kx) — jké&,, cos (Kx)} }, for-d <x <0.
(41)

wWEQ

The superscripts between parentheses on the inverse permittivity tensor ele-
ments identify the corresponding waveguide layer, as specified in Figure 7. The
continuity of E, atx = 0 and at x = —d leads to the following system:

10
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C| (&) - &)p+jcel)| +D(jrel) = 0, (43)
c{[(& - &2)p+jrel | cos (xd) — jrell sen(xd) | i
+D{[ (82 - &)p —jre2 |sen(xd) — jel) cos (xd) } = 0.

After solving this system formed by Eqs. (43)-(44), we obtain:

W) [£63) 4 6@ _i(0) _ £2)

(kD)? = [(63 — D) B +7ce®] [(£Q) — eV)p—jre?]

The constants ¢, k, and y can be determined by substituting Eq. (37), Eq. (38), or
Eq. (39), respectively, in Eq. (36), resulting in

QP — ko

C = TJ (46)
kg — £Xp°

K= T’ (47)
EXB — kg

14 T, (48)

where kg = 2n/19, and A is the optical wavelength.

From the roots of Eq. (45) for f, the dispersion curve for TM modes in MO
waveguides can be retrieved. Assuming that n, = 2.26, n, = 2.0, n3 = 2.23,d = 1 pm,
and only the layer 3 is magneto-optical with § = 0.019, the dispersion curve for the
fundamental and a superior TM mode is shown in Figure 8. We observe that the
effective index profile changes when the propagation direction is reversed, which
opens the possibility to the design of nonreciprocal devices. This phenomenon is
known as nonreciprocal phase shift. If the magnetostatic field is not applied (6 = 0),
the effective index profile becomes reciprocal and converges to the dashed line

26T T T T T T T T T T T T T T

2.254 4 . a
—— Propagation +z ]

R —— Propagation -z y
2250 ] --- 5=0 (H,=0) ]
2.248
2,246
2.244
2.242 -
2.240
2.238 - 1
2,236 -
2.234 -
22324  +7\Z
Y . ...~
03 0.4 05 06 07 08 09 10 11 12 13 14 15 16 1.7 1.8
Optical wavelength, 2 (um)

Effective index, n .= B/ k;

Figure 8.
Dispersion curves of the fundamental TM, mode and the superior TM, mode.
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shown in Figure 8. The TM modes reach cutoff for optical wavelengths at which the
effective index reaches the minimum value of 2.23. For greater optical wavelengths,
the mode becomes irradiated and escapes through layer 3.

Figure 9 shows the transversal distributions of the H, component at two distinct
optical wavelengths. For this waveguide design, Ao = 1.55 pm is near cutoff, and the
mode is highly distributed in the MO layer, which increases the nonreciprocal phase

shift. Note from Figure 8 that the difference between the effective indexes of the

counter propagating TM modes are greater for optical wavelengths near cutoff, but
as the wavelengths decreases, the mode becomes more confined at the waveguide

core, and its interaction with the MO layer decreases, resulting in a decrease of the
nonreciprocal phase shift effect, considering this waveguide configuration.

2.3 TM mode in a planar magneto-optical directional coupler

Now let us consider a five-layered MO planar structure as shown in Figure 10.

10 T T T T 10 T T T T
81 Propagation + z ) 81 Propagation + z )
6l k= 1.31 um 1 6l 2= 1.55 um
41 1 4
€ 2. 1 E 2
3. 3
< | Molyer o X | Mo faver
. | Isatiopiceore ~
i 21 Mer ]
4 -4 4
T T T _6 T T T T
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8
Hy (normalized) Hy (normalized)
Figure 9.
Transversal distribution of the Hy component of the fundamental TM, mode at A, = 1.31 pm and at
Ao = 1.55 pm.
X
Layer 1
Waveguide A q
ny; 9 2
x=0 ng; 0, Layer3 | 2S,
Waveguide B q
@ Ny 64 4 @
ns; Js
Layer 5
le N
Coupler Length, [,
Figure 10.

Longitudinal section of the five-layered MO planar structure.
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The solutions for Eq. (36) in each layer, making use of the proper radiation
conditions, are [18]

H, = Ajexp[—y,(x — S3 —d)], forx>S3 +dy,

H, = Ajcos [ka(x — S3 —dy/2)] + Assin [ka(x — S3 — d2/2)] for S3 <x <S3 + d,
H, = Asexp (—y3x) + Asexp (y3x), for -S3<x <83,

H, = Agcos [k4(x + S3+d4/2)] + A7 sin [k4(x + S3 + d4/2)], for -S3—d4 <x <-S3,
H, = Agexp [ys(x + S3 +d4)], for x <-S3—d,,

where A, through Ag are constants to be determined, «; and y; are given by.

k2 — g0 g2
e g(f)mﬂ =124, (49)

/ kz

where kg = 2n/19, and A is the optical wavelength.

The electric field components E, and E, can be directly obtained with Eq. (34)
and Eq. (35), respectively. Applying the boundary conditions for the tangential
components H, and E_, one obtains a system of eight equations and eight
unknowns, which can be conveniently written in matrix form as follows:

K; =

IM(p)]A = 0. (51)

Here, [M(f)] is an 8 x8 matrix that depends on the unknown longitudinal
propagation constant fand A = [A; A, ... Ag]T. The propagation constant can be
easily found by solving the equation Det([M(f)]) = 0. The nonzero elements of the
matrix [M(f)] are listed below:

My, = 1, My = — cos (kpdy/2); Mz = — sin (kad /2);
My = —jEQ + 118)s Moy = jEZ B cos (kada /2) — 168 sin (kada /2);
Mys = —jEP psin (kada/2) + kaE?) cos (kada/2);
M3, = cos (kydy/2); M33 = —sin (kody/2); M3s = — exp (—73S3); M35 = — exp (7353);
My = —jE@ B cos (kady/2) — k262 sin (kada /2);
My :j.fgc)ﬂ sin (kdy/2) — Kzfg) cos (kxd> /2);
= GED — E07,) exp (—1284)s Mas = GEDp + E07,) exp (1289
Ms4 = exp [y3S3]; Mss = exp [—y3S3); Msg = — cos (kad4/2); Ms; = — sin (k4d4/2);
Mes = —(jEQ) + EQr3) exply [ 383 Mes = — (€5 + 2)73) exp [~73S3];
= jEM B cos (kqdy)2) — ED iy sin (kqdy/2);
M7 :]cfzx psin (kada/2) + .fzz K4 COS (Kad4/2);
My¢ = cos (k4d4/2); M7 = — sin (K4d4/2)'M7g =-1
Mgs = —jEWj cos (K4d4/2) Yy sin (k4ds/2);
= jEW Bsin (kgdy/2) — ED iy cos (kads)2);
Mgs :]izxﬁ +&yss

13
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As an example, Table 1 shows the material parameters and layer thicknesses for
each layer. Layers 1 and 5 are unbounded, and their thicknesses are theoretically
infinite for the analytical model. The optical wavelength is 1y = 1.55 pm.

Figure 11 shows a plot of guided supermodes that occurs in the planar structure
for forward propagation (along +z). The guided propagation along the five-layered
structure, as well the periodical energy exchange of light between the two wave-
guides, can be expressed as a linear combination of these supermodes. The coupling
length for the structure is given by L, = n/|$; — f,|, where f; and $, are the propaga-
tion constants of the supermodes obtained from the roots of Det([M(f)]) = 0. The
computed coupling length, which refers to the propagation along the +z axis, is
L} =1389.84 yum.

Figure 12 shows the plot of the supermodes, now considering backward propa-
gation of the TM mode (along -z). The computed coupling length, which refers to
the backward propagation along the z-axis, is L, = 689 um.

Layer Parameters
n o Thickness (jum)

1 2.23 —0.019 ©

2 2.26 0 1.20

3 2.00 0 0.75

4 2.26 0 1.23

5 2.23 —0.019 o

Table 1.

Material and geometric parameters of the MO directional coupler.

Propagation +z:
10 . . . : . . Supermode 1:
n_. = 2.234212555040782

------ Supermode 2:
n,, = 2.233654937094552

MO layer

MO layer

o N, S —
45 10 05 00 05 1.0 15

Hy (A/m)

Figure 11.
Transversal distribution of the supermodes ( Hy component) for forward propagation (+z).
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Considering both propagation senses, when the condition L = L = 2L for the
length of the directional coupler is achieved, we obtain an optical isolator calibrated
for the given optical wavelength. The operation of the optical isolator is depicted in
Figure 13. If an optical source is placed at the port 1 of the waveguide A, all optical
power will be coupled into port 3 of the waveguide B, if the length of the directional
coupler is L = L. If some light is reflected at port 3, since L = 2L_, all optical
power is directed to the port 4. Therefore, the optical source at port 1 becomes
isolated from the reflected light. Figures 14, 15 show simulations of the forward and
backward optical propagation in the MO directional coupler via a propagation
projection of a linear combination of the corresponding supermodes.

The MO directional coupler of Figure 10 also acts as an optical circulator,
considering the following sequence of input and output ports: 1 to 3; 3 to 4; 4 to 2;
and 2 to 1.

Propagation -z:
10 . . . . . i Supermode 1:
n_., = 2.234497961071823

------ Supermode 2:
n,, =2.233373143173423

-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5
Hy (A/m)

Figure 12.
Transversal distribution of the supermodes (Hy component) for backward propagation (—z).

Propagation +z : Propagation -z :

Figure 13.
Operation of an optical isolator based on nonreciprocal phase shift.
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1.000

0.8750
0.7500
0.6250
0.5000
0.3750
0.2500
0.1250

0.000

Figure 14.

Forward propagation simulation of the TM mode component Hy excited at port 1 (P,) of the five-layered
structure. The light exits through port 3 (P;). The starting transversal H, field was supermode 1 plus supermode
2 of Figure 11.

1.000

0.8750
0.7500
0.6250
0.5000
0.3750
0.2500
0.1250

0.000

Figure 15.

Backward propagation simulation of the TM mode component Hy, excited at port 3 (P;) of the five-layered
structure. The light exits through port 4 (P,). The starting transversal H field was supermode 1 minus
supermode 2 of Figure 12.

3. Conclusions
The propagation characteristics of optical waves in magneto-optical media and

in planar waveguides with three and five MO layers were exposed. The effects of
Faraday rotation and nonreciprocal phase shift were discussed with mathematical
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background to support the analyses. The propagation of TEM waves in unbounded
MO media was discussed, where it was shown that the Faraday rotation is maxi-
mized when the propagation occurs in the same direction of the applied magneto-
static field. It was also mathematically shown that if there is no such alignment,
losses may be added to the wave propagation. A planar MO waveguide and a
directional coupler were also analyzed in the context of their nonreciprocity. For
these structures, nonreciprocity is observed for TM-guided modes. The theoretical
analyses confirm that magneto-optical materials have great potential to be
employed on the design of nonreciprocal optical devices, such as isolators and
circulators.
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