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The  TE-TM  mode  conversion  is an important  requirement  for magneto-optical  waveguide
devices.  In  this  work,  we report  on  the  theoretical  study  of  magneto-optical  waveguides
on an  ion-exchanged  glass  waveguide.  This  study  explores  the  possibility  to realize  a mode
converter  TE-TM  on  a hybrid  structure.  This  hybrid  device  is made  by  coating  a  SiO2/ZrO2

layer  doped  with  magnetic  nanoparticles  on  an  ion-exchanged  glass  waveguide.  It has
been analyzed  by  means  of a beam  propagation  method  for numerical  solution  of  the
full-vectorial  wave  equation.  We  have  also used  the transparent  boundary  condition.  The
mode  converters  TE-TM  based  on  the Faraday  rotation  and modal  birefringence  are  then
numerically  simulated.  Depending  on  the increasing  of  nanoparticles  volume  fraction  in
the SiO2/ZrO2 layer  and on  decreasing  the  modal  birefringence  of the  hybrid  structure,  the
TE-TM  conversion  efficiency  varies  from  several  percent  to several  tens  of  percent.

©  2017  Published  by Elsevier  GmbH.

1. Introduction

In the framework of optical telecommunication systems, the conception of integrated optic devices which allow a high
speed data transmission requires the integration of elements that have a nonreciprocal effect such as optical isolators and
circulators [1]. Optical isolators are very important components to prevent destabilization of laser source with reflected
light. Faraday rotation is the standard physical principle to obtain non-reciprocity in such components [2]. Currently, the
material widely used in bulk optical isolators is the ferrimagnetic garnet oxide crystal Yttrium Iron Garnet (YIG), or bismuth
substituted yttrium iron garnet (Bi:YIG), deposited on a gadolinium gallium garnet (GGG) as substrate [5]. This substrate is not
commonly used to realize integrated functions. Furthermore, the realization of YIG thin films which can requires an annealing
temperature as high as 700 ◦C to be magneto active [3]. This temperature required for the crystallization of magnetic iron

garnet is usually too high, it is evidently not so compatible with integrated optical technologies [4]. To overcome this
problem, many studies are currently carried-out to develop magneto-optical materials compatible with existing integrated
optics technologies. The first deals with the bonding of high quality Ce YIG layers on classical substrate: glass or silicon [6,7].
The second is the development of novel magneto-optical materials compatible with classical technologies. Thus Zayets and
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Fig. 1. Schematic of the integrated magneto-optical mode converter.
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Fig. 2. Cross-section of the built-in 3D diffused hybrid structure.

ll. have recently demonstrated a complete magneto-optical mode conversion in Cd1-xMnxTe waveguide on GaAs substrate.
n this way, lots of efforts have been made to obtain such materials compatible with semiconductor substrate [7–11], but
ew concern glass substrate. The group [10], has developed novel approach based on a composite magneto-optical matrix
ompatible with glass substrate. The films realized through a soft chemistry sol gel process, thin films can be obtained by
ip coating on several substrates (silicon, glass) and silica type matrix is doped by magnetic nanoparticles. Such magneto-
ptical matrix has shown promising potentialities illustrated by a specific Faraday rotation of 199◦/cm (@1550 nm)  with a
anoparticles volume fraction of 1% [1]. A full compatibility with these substrates is provided by the soft thermal treatment
equired [1].

In this work we are using hybrid structure based composite magneto-optical layer on an ion-exchanged glass waveguide
s shown on Fig.1. And can be used with glassy integrated circuits in order to realize hybrid mode converter.

We have this technology can produce high quality integrated optical components and which is one of the prominent
echnologies in the field of integrated optics, such as isolators and circulators. In previous works [12], the coupling coefficient
eing 26◦/cm, with the birefringence value of 7,7 × 10−4, it gives a modal conversion of 1.7◦ for a propagation length of 1 mm.

Z-independent magneto-optic waveguides have been analyzed and simulated by several methods such as: finite differ-
nces (FD) [13], the Galerkin method [14], and periodic Fourier transform [15]. The beam propagation method (BPM) is
ne of the favorite approaches used in the modeling and simulation of electromagnetic wave propagation in guided wave
ptoelectronic and fiber optic devices [16].

In this paper we report how to obtain a hybrid mode propagation presenting a best lateral confinement and realize
fficient magneto-optical mode converter in a hybrid structure based on ion exchange glass technology. We have used the
nite difference beam propagation method (FD-BPM) for simulation of the performance of a hybrid magneto-optical mode
onverter. This has been done through simulations using RSOFT CADTM, a photonic design software, by RSoft Design Group,
nc.

. Hybrid structure

Schematic structure of the hybrid structure ion-exchange device is presented in Fig.1 The hybrid waveguides structure
omposed into two parts: the first part is active layer, which are produced through the deposition of a magneto optic
aveguide film onto the substrate. The second part is gradient waveguides, which are produced through the modification

f optical substrate. Gradient waveguides are produced in the processes of ion-exchange in glass [17].
Ion-exchanged glass waveguides technology has largely demonstrated its capacity to realize integrated optical functions

ith compactness, stability, and low losses [2,17].

In order to achieve better depth confinement of the mode, an ion-exchanged layer was introduced to form a planar

aveguide in the top surface of the second sample. Fig. 2.
In Table 1 the active couched of waveguide produced the flexibility of the refractive index will be helpful to suit the

ptical characteristics of the magneto-optical film with requirements of the desired application [2,17]. This is produced with
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Table  1
(a) Refractive index of the host matrix at � = 1550 nm [2]. (b) Maximum power conversion RM and propagation length of the hybrid structure waveguide a
specific  Faraday rotation of �F = 155◦/cm at � = 1550 nm.  (c) The maximum power conversion RM and propagation length Lc in SiO2/ZrO2 layer doped with
magnetic nanoparticles CoFe2O4 of the hybrid structure waveguide for modal birefringence �N = 3,8 × 10−4 at � = 1550 nm.

(a)

Ratio SiO2/ZrO2 or TiO2 Precursors index@1550 nm

Sol 10/3 SiO2/ZrO2 1.504
Sol  10/7 SiO2/ZrO2 1.515
Sol  10/10 SiO2/ZrO2 1.528
Sol  10/12 SiO2/TiO2 1.580
Sol  10/10 SiO2/TiO2 1.575

(b)

�N K (◦/cm) RM (◦) Lc (mm)

Calculated by Formula (13) and (14) 3,8 × 10−4 90 2.85 0.764
BPM  Method [Our work] 3,8 × 10−4 90 2.88 0.760
Hadi  [2] 7,7 × 10−4 26 1.6 1
Garayt [12] 2,6 × 10−4 26 5.5 1.1

(c)

Concentration �F (◦/cm) K (◦/cm) RM (◦) Lc (mm)

� = 0.70 % 199 90 2.85 0.764

�  = 1.00 % 309 108 4.10 0.758
�  = 1.50 % 375 124 5.30 0.754
�  = 2.04 % 420 139 7.10 0.748

sol–gel technology, and by adjusting the molar ratio of metallic precursors the refractive index of the material can be of
1.50–1.575 [2].

The diffused profile is defined as [14]

n (x, y) = n0 + [�ng(x)f(y)]� (1)

Where:

g (x) = 0.5
{

erf
[(

w/2 + x
)
/hx

]
+ erf

[(
w/2 − x

)
/hx

]}
(2)

Here, n0 is the substrate or background index, �n  is the maximum index change produced by diffusion from an infinitely
extended source, w is the width of the source in the horizontal direction, and hx and hy are the diffusion lengths in the
horizontal and vertical direction respectively (hx = hy).

The vertical profile f(y) is determined by: [14]

f (y) = exp
[
−y2/h2

y

]
(3)

The parameter � which equals 1.0 by default [18]. Since it represents the non-linear interaction between the concentration
and index, it is applied after the index changes for all components that have been accumulated.

3. Magneto-optical hybrid waveguide theory

In the guiding film of the planar waveguide for the nonreciprocal hybrid structure, the magnetization is adjusted in the
film plane perpendicular to the propagation direction, so that the dielectric tensor is [10,19].

� =

⎛
⎜⎝−

�xx i�mo 0

i�mo �yy 0

0 0 �zz

⎞
⎟⎠

oxyz

(4)

Where �xx, �yy, �zz and �mo are the dielectric constants in the x, y, z directions and off-diagonal element, respectively. The
sign of �mo changes if the magnetization is reversed. For the TM modes, propagating along the z-direction, with longitudinal
phase constant �, the electric and magnetic fields are:
�E = (Ex, 0, Ez) exp
[

j
(
�t − �z

)]
(5)

�H =
(

0, Hy, 0
)

exp
[

j
(
�t − �z

)]
(6)



W
t

t
T

P
w
t

a

�

W
v

t
1
I

4

R
i
T
l

4

t

a

i
a
t

M.  Bouras et al. / Optik 157 (2018) 658–666 661

Hy can be derived from the Helmholtz differential equation [20]{
(∂2
/∂x2) +

(
k2

0�eff − (�y/�x)�2)}Hy = 0 (7)

here the effective dielectric constant is given �eff = �z − (�2/�x) For simplicity, it is assumed that �x = �z For the TM modes,
he characteristic equation is [20,21]:

h
√

k2
0 = tan−1

[(
�eff/

√
k2

0

)((√
�2

)
/�c −

(
(��)/(�eff�x)

))]
+ tan−1

[(
�eff/

√
k2

0

)((√
�2

)
/�s −

(
(��)/(�eff�x)

))]
(8)

Where h is the film thickness.
Due to the presence of the off-diagonal element �mo a coupling from TE to TM mode takes place in the structure and

hen a TE/TM mode conversion is created during the propagation. For propagation along Oz direction, the expression of the
E/TM coupling coefficient K is given by [18].

K = (i.�.�0)/(4
√

PTE)

∫ ∫
ETE*

y .�MO. ETM
x dx.dy = i �F 	MO (9)

TE, PTM are the power associated to TE and TM modes respectively. � is the frequency corresponding to the vacuum
avelength �. �MO is linked to the refractive index n of the magneto-optical layer and to its specific Faraday �F rotation

hrough. 	MO is the magneto-optics confinement factor [12].

�MO = (n.�.�F)/
 (10)

From the coupling coefficient K and using mode coupling theory, one can express the TE/TM mode conversion efficiency
s a function of the propagation distance z [12,22–24].

R (z) =
[

k2
F/

(
k2

F +
(
��/2

)2
)]

sin2

[√
k2

F

]
(11)

�  (◦/cm)is the phase mismatch between TE and TM mode

�� = 2
�N/�TE (12)

here �N,  the modal birefringence. Due to the non-zero value of �N,  the conversion efficiency is limited to the maximum
alue RM [12,17,22–24].

RM = k2
F/

(
k2

F +
(
��/2

)2
)

(13)

Which is reached at a distance of

Lc = 
/(4k2
F + ��2) (14)

This equation highlights the main role played by the phase mismatch on the efficiency of the mode conversion. Contrary
o the free space configuration and even if the material constituting the waveguide is anisotropic; the mode conversion is not
00% efficient. The guided configuration produces a geometric modal birefringence which decreases the mode conversion.

t is thus necessary to control and decrease as much as possible this modal birefringence [12,17,22].

. Numerical results

The device design has been carried out with full-vectorial beam propagation method, using a mode solver (beamprop from
SOFT CADTM), of the boundary conditions used for the simulations. The device is shown schematically in Fig.1. The refractive

ndex of the ion-exchanged waveguide varies from 1.58 at the surface to 1.50 in the deep substrate (@1550 nm)  [12,17].
hese values are close to that of the magneto-optical layer n = 1.51 [12,17]. That should insure a good hybrid distribution of

ight in the structure.

.1. Achieve a TE/TM mode conversion in a hybrid structure

Fig. 2 shows the profiles of the TE0 and TM0  mode of a typical hybrid structure waveguide. The parameters are listed in
he figure caption. Note the discontinuity of the electric field at the vertical boundaries.

The field distribution in the hybrid structure waveguide for the TE and TM polarizations is shown in Fig. 3 for width 5 �m
nd values of refractive index of the active layer nf = 1.51.
The Fig. 3 presented shows a good interaction between the active layer and the ion-exchange waveguide, if the layer
ndex is equal or slightly higher than ion-exchange waveguide index. The TE field slightly expands in the thinner film region,
nd this effect is more important as the width is reduced. The TM mode appears to be better confined in the central part of
he hybrid waveguide [17].
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Fig. 3. Confinement of intensity in hybrid waveguide for TE and TM polarizations 	MO = 57%, for guide width W = 5 and H = 2 �m at � = 1:55 �m.
Fig. 4. Conversion efficiency RM in SiO2/ZrO2 layer doped with magnetic nanoparticles CoFe2O4 of the hybrid structure with concentration (0.7%) for
modal birefringence �N = 3,8 × 10−4. (a) Transverse electric field through the entire length. (b) Variation of power with length.

Fig. 4 gives the simulated mode conversion and the subsequent energy transfer mechanism between the transverse
components TE and TM.  The effects mode conversion caused by a periodic power transfer between TE and TM.  At z = 0, the
transverse component is only along the x direction, i.e., TE = 0.

The magneto-optical mode conversion of the hybrid structure is reported in Fig. 4. The curve presents a nonreciprocal
variation of the conversion mode as a function of the propagation direction, which is the typical behavior of the Faraday
effect for a ferromagnetic material.

Thus, the result reported in Fig. 4 proves that it is possible to achieve a nonreciprocal mode conversion in a hybrid
structure based on ion exchange glass technology. It confirms that the composite approach is a promising way  to realize
integrated nonreciprocal devices.

On Fig. 4, the coupling coefficient of the device was 90◦/cm. combined with the birefringence value of 3,8 × 10−4, it has
given a modal conversion of 2.88◦ for a propagation length of 0.764 mm.

Table 1 presents a maximum power conversion RM and propagation length L in SiO2/ZrO2 layer doped with magnetic
nanoparticles CoFe2O4 for modal birefringence �N = 3,8 × 10−4 at � = 1550 nm.

The simulation results are consistent with the analytical calculations, the coupling coefficient and the modal birefringence
has a great influence on the performance, and responsible for maximum power conversion RM.

4.2. Effect of the concentration of the nanoparticles in the guiding layer for a hybrid structure

In this section, we study the influence of the volume fractions of nanoparticles on mode conversion, the imaginary part
of the off-diagonal parameters leads to this volume fraction and it has a great influence on the performance, and responsible
for the Faraday rotation.
Figs. 5 and 6 present the variation of the TM–TE mode conversion RM as a function of different concentrations of hybrid
structure, for four values of nanoparticles volume fraction, (0.7%, 1%, 1.5% and 2.04). The concentration of the fluid is an
important factor which slightly affects the yield.
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Fig. 5. Conversion efficiency RM in SiO2/ZrO2 layer doped with magnetic nanoparticles CoFe2O4 of the hybrid structure with different concentrations (i)
(1%),  (ii) (1.5%) and (iii) (2.04%) for modal birefringence �N = 3,8 × 10−4. (a) Transverse electric field through the entire length. (b) Variation of power with
length.
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Fig. 6. Conversion efficiency RM in SiO2/ZrO2 layer doped with magnetic nanoparticles CoFe2O4 of the hybrid structure with different concentrations (0.7,
1,  1.5 and 2.04%) for modal birefringence �N = 3,8 × 10−4. The incident beam has a TE polarization.
Fig. 7. normalized intensity of light as a function of propagation length.

This variation is proportional to the increase of concentrations, the conversion output increase. When the concentration
is (0.7%), RM is equal to 2.85% but for a high value of the concentration (2.04%), RM is equal to 7.1%. These variations result
from the increasing of off-diagonal parameter tensor, from increasing of concentrations.

Table 1 presents a maximum power conversion RM and propagation length L for modal birefringence �N  = 3,8 × 10−4.
The fluid concentration creates a change in the modal birefringence which increased conversion efficiency RM and reduces

of propagation length L.
Fig. 7 presents normalized intensity of light as a function of propagation length of four values of volume fraction nanopar-

ticles. The simulations presents the absorption of light in thin films hybrid structure of magnetic fluids using different
concentrations and different thicknesses, whereas that the absorption increases with concentration and thickness. It is clear
that as � increases, the optical absorption increases and the energy tends to zero.

One can easily check that this difference of magnitude respects the ratio of the nanoparticles concentration. But it seems
interesting to note that the use a composite material with a small amount of magnetic particles in order to minimize the
losses [12].

4.3. Effect of the modal birefringence for the hybrid structure

Another factor influencing the mode conversion is the modal birefringence ��,  which is a major drawback to perform
this conversion. The modal birefringence, is the difference between the TE and TM effective index for mode number m and
� is the light wavelength.

To improve the magnitude of the modal conversion and reach the 45◦ that are required for the realization of an optical
isolator, the modal birefringence of the hybrid structure could be decreased. Consequently, in order to obtain good conversion
efficiency, the modal birefringence must be as lower as possible.

In this work, an attempt was made to optimize the hybrid structure in order to obtain a lower birefringence value and
lower loss. To confirm the two conditions, we use the geometrical parameter which fulfill the conditions, and single mode
calculated from our previous work [17]. We  study the mode conversion in hybrid waveguide structure component and we
simulate the influence of geometrical parameters on the propagation length in the hybrid waveguide device.

Table 2 presents a maximum power conversion RM and propagation length L for different concentrations, which presented
in the Fig. 8.
The Fig. 8 presents the specifics Faraday rotation being 420◦/cm at concentration � = 2.04%. Combined with the lower
birefringence value �N  = 125 × 10−4, it gives a modal conversion of 16% for a propagation length of 0.65 mm.  This value is
in good agreement with the one that has been previous simulation and reported in Fig. 6.
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Table  2
The maximum power conversion RM and propagation length L in SiO2/ZrO2 layer doped with magnetic nanoparticles CoFe2O4 of the hybrid structure
waveguide for modal birefringence �N = 125 × 10−4 at � = 1550 nm.

Concentration �N 	MO(%) K (◦/cm) RM (%) Lc (mm)

� = 0.70 % 1,25 × 10−4 19 29 3.6 760
�  = 1.00 % 1,25 × 10−4 17 34 4.5 754
�  = 1.50 % 1,25 × 10−4 16 42 7.8 730
�  = 2.04 % 1,25 × 10−4 14 63 16 650
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ig. 8. Conversion efficiency RM in SiO2/ZrO2 layer doped with magnetic nanoparticles CoFe2O4 of the hybrid structure with different concentrations (0.7,
,  1.5 and 2.04%) for modal birefringence �N = 125 × 10−4. The incident beam has a TE polarization.

. Conclusion

In this article, we have designed and simulated a magneto-optical device based on a magnetic nanoparticles doped
ilica layer reported on ion-exchanged glass waveguide. The present work studied the possible to achieve a TE/TM mode
onversion in an integrated hybrid structure made with composite silica-based magneto-optical layer coated on an ion
xchange glass technology. We  have used the BPM for numerical simulation of the propagation of optical pulses in the
onreciprocal hybrid structure. Propagation constant of the waveguide structure has been derived by using the effective

ndex method. The maximum power conversion 16% obtained at a wavelength � = 1550 nm is limited by a quite low coupling
oefficient and structure modal birefringence. These parameters are optimized via numerical simulations.
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