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Abstract

Propagation and mode conversion properties of optical waves in
film waveguides made of magneto-optic materials such as garnet crystals
are studied in order to construct optical thin film isolators using
magneto-optic effects. Gyrotropic YIG films are fabricated on GGG
crystal substrates by RF sputtering method. Faraday effects in gyro-
tropic film waveguides are investigated for non-reciprocal guide parts
of optical film devices. Magneto-optic Cotton-Mouton effects are also
studied for reciprocal parts of optical devices. Birefringence effects
in sputtered garnet films that are very useful for mode matching are
found. By using ferrite magnets for external magnetic fields thin film
type optical isolators of total lengths of 3.3-4.6 mm, consisting of
Bi-substituted YIG films, are constructed. Isolation ratio of the isolator
for forward and backward optical waves is 7.5 dB.
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1. Introduction

Thin-film optical devices using magneto-optic effects, such as modulators®’,
switches?> and isolators3~5), have been investigated for laser communication systems
by many authors.

In thin-film optical devices, guided optical waves are focussed in film wave-
guides of small cross-sections. Intensive external electric, magnetic and acoustic
fields can be obtained in small local regions of the film wave guides dy using weak
electric powers. These properties lead to effective strong interactions between
optical waves and external fields.

An optical isolator is one of the optical devices that have not be fabricated
as far. In this paper, an optical film isolator, that is one of the general optical
devices and constructed from non reciprocal and reciprocal guide sectioms, is
discussed.

Waveguide type optical isolators are important as unidirectional waveguides and
are indispensable for stabilization of laser oscillation and separation of optical waves
in integrated optical circuits. However, waveguide type optical isolators with
sufficient properties have not been realized since there are some difficulties to the
fabrications?,®). The authors have shown the analysis on hybird modes for the case
of optical modulators using the Kerr effects” and nonreciprocal circuits of optical
isolators using the Faraday effect in gyrotropic garnet films with isotropic Zn0O
and anisotropic LilO; top layers for acomplishing mode matching?,®. In order to
construct optical isolators, in these constructions anisotropic crystals are required
for reciprocal circuits. However, it is difficult to grow anisotropic single crystals
on garnet films that are almost isotropic. From a fabricational point of view, the
Cotton-Mouton effect of gyrotropic films is very useful for reciprocal circuits®.

The authors have fabricated YIG1® and Bi-substituted YIG (Bi:YIG) single
crystal films!D of relatively good quality on GGG substrates by RF sputtering
method. In this paper, propagation properties of optical waves in the garnet films
are studied. TE-TM mode conversions due to the Faraday and the Cotton-Mouton
effects are measured in Bi: YIG single crystal films sputtered on GGG substrates.
From the experimental results, the design data for nonreciprocal and reciprocal
circuits of waveguide type optical isolators are determined, such as propagation
length and applied magnetic fields. Furthermore, by using ferrite magnets a waveguide
type optical isolator is constructed practically with short propagation length and
small magnetic external fields, and nonreciprocal properties are measured. In order
to obtain optimum design data for waveguide type optical isolators, comparing with
experimental results, theoretical calculations are performed, with consideration of
weak birefringences in Bi: YIG thin-films® resulting from the misfit stress. It
is shown that waveguide type optical isolators can be constructed in forms of very
small integrated circuits, with mode degeneracy induced by the birefringence.

2. Structure of Optical Isolator

A basic structure of a waveguide type optical isolator?? is shown in Fig. 1.
This isolator has three sections of mode selector, non reciprocal and reciprocal
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mode converters. This isolator consists wooe seLgcren | MNOWRECIPROCAL  RECFROCAL
of a Bi-substituted YIG (Bi: YIG) thin- MODE CONVERTER

film sputtered on a GGG substrate and E“:A({x,s[‘-}g‘s)z I ,
a ZnO for the top layer. The thick- W ey
ness of Bi:YIG and ZnO are 2.15 um
and 1 pm, respectively. The refractive
index of GGG substrate is 1.945 at the
wavelength 1=1.15pm and that of Bi:
YIG film without external magnetic field
is 2.18. The refractive index n=1. 945
of ZnO is approximately equal to that Fig. 1. Basic structure of the waveguide
of GGG. In the nonreciprocal curcuit, type optical isolator.

the Faraday effect in the Bi:YIG

gyrotropic film produces a nonreciprocal

TE-TM mode conversion, where the magnetization of the garnet film is parallel to
the propagation direction of optical wave. In the reciprocal circuit, Cotton-Mouton
effect is used for a reciprocal mode conversion, where the magnetization is trans-
verse to the propagation direction and at an angle of ¢ with the normal line to the
film plane. The TE-TM mode conversion efficiency of 50 % is required for the
reciprocal and nonreciprocal circuits in the optical isolater, respectively. The ZnO
top layer can yield the 50 % mode conversion with smaller thickness of garnet film,
comparing with the case of the air top layer. The ZnO top layer also protects the
optical guide from the lossy effects of external magnetic circuit parts as buffer
layers?,13>. The mode selecter of aluminium clad waveguide attenuates only TM
modes4),

In this structure, since optical waveguide have not discontinuities, there is no
connection loss at the boundary between the nonreciprocal and the reciprocal
circuits. The film thickness and propagation length in this Bi: YlIG film isolator
are very small compared with the optical isolators with YIG thin-films. Further-
more, the fabrication of this isolator by RF sputtering method is very easy, because
no anisotropic single crystal is required for the the top layer in non reciprocal and
reciprocal parts. External magnetic field can also be obtained by sputtered ferrite
films on the ZnO top layer.

Ex=Ey=E:=(218)"
Exy=j179%107

Y 2
Ex=Ey=Ez=(1.945)

3. Characteristics of Sputtered Bi:YIG Thin-films

For the gyrotropic thin-films of optical isolators, Bi: YIG thin-films are used
because of large magneto-optic effects. Using Bi: YIG targets, Bi: YIG films are
fabricated on GGG crystal substuates by RF sputtering method which has fine
film-thickness control and reproducibility!?®),

The sputtering conditions are shown in Table 1. Substrates are heated to 750°C
and RF power is 85 W. Gas pressures of Ar and O, are 4x10-4 and 1x10-¢ Torr,

respectively, growth rates of garnet films are 850 A/hr. The composition of the
sputtering target is Bi; Y,Fe,Al;0;,. In the target, Fe is substituted by Al in
order to reduce the mismatch in lattice constant between the Bi: YIG thin-film
and the GGG substrate, and the optical absorption. The optical and magnetic
properties of the sputtered Bi: YIG films of thickness d=2.13 ym are summarized
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Table 1. Sputtering conditions of Bi:YIG films.

Target Bi; Y3FesAl1012
RF Power 85 W

Ar 4x10-¢ Torr
Og 1x10-4 Torr
Substrate Temperature 750C

Deposition Rate 850 fok/hr

Sputtering Gasses

Table 2. Optical and magnetic properties of Bi: YIG films.

Refractive index (n) 2.18

Specific Faraday rotation (07) 460 [deg./cm]
Absorption coefficient () 2 [em1]
Saturation magnetization (dxM s) 90.5 [G]]
Coercive force (H¢) 3 [0e]
Thickness (d) 2.13 [ym]

in Table 2. The refractive index measured by Abelés method is 2.18 and the
magnetic properties were obtained by vibrating sample magnetometer (VSM). The
saturation magnetization is 90.5G and the coercive force is 30e. The specific
Faraday rotation ,=460 (deg./cm) was determined from the experimental results
of the TE-TM mode conversion as shown in next section. The quality of crystali-
zation were evaluated by the Xray diffractometer and Laue method. Only (444)
diffraction line was obtained from the Xray-diffractometer. In the measurement
of Laue method with inclined incident
Xray, only Laue spots appeared. No
halo and Debye-Scherrer ring concerned
with properties of polycrystals and

E : amorph i i

. . phous materials were confirmed
% Bl : YIG f”m from Laue method. These facts indicate
o that the sputtered Bi:YIG thin-films
o on GGG substrates are single crystals.

The roughnesses of the film surfaces

20 um

are about 301& as shown in Fig. 2, so
that these Bi:YIG films have small
scattering losses and can be used as
optical waveguides.

Fig. 2. Surface of sputtered Bi: YIG
films.

4. Mode Conversion Properties in Bi: YIG Thin-film Waveguides.

The experimental set-up for the measurment of TE-TM mode conversions in
Bi:YIG thin-film waveguides is shown in Fig. 3, where B.S. is a beam splitter.
The sample is placed on the goniometer table. The optical wave radiated from a
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He-Ne laser of the wavelength 1.15pm
is linearly polarized as the TE wave
through the polarizer and fed into the
Bi:YIG thin-film waveguide by a rutile
prism. A pair of rutile right-angle
prisms, of which refractive indices are
N,=2.725 and n,=2.470, are used as
input and output couplers. The guided
wave is coupled out of the waveguide
by the output prism and after through
the analyzer detected by a PbS photo-
conductive cell. The cell has been

checked for the linear characteristics.

He-Ne Laser
A=0.633pm

Shut{ere|

He-Ne Laser |
LT ‘ ! oo |

.S,
IR Filter

AN

X N

A GO Subs
NS s
WV,

Chopper

>

Analyzer £

Delecmr

Recorder Synchroscope

Fig. 3. Experimental set-up for the me-
asurement of mode conversions.

The output voltage of the PbS cell is measured by the pen recorder through the

lock-in amplifier.

axis, because 1.15 p¢m He-Ne laser is invisible.

The He-Ne laser of 0.633 um is used for the alignment of optical

External magnetic fields are applied

by using a solenoid coil in the case of measurement of the Faraday effect and hy
using an electromagnet with two poles in the case of measurement of the Cotton-

Mouton effect!s),

™Mo

TE, TE; TEp
Fig. 4. Guided modes excited by a
He-Ne laser.

As shown in Fig. 4, the mode lines
were observed on the screen with IR
TV camera when TE, mode was excited
in the garnet film. The intensities of
TE,, TE, and TM, modes are much
smaller than that of TE, mode. The
incident TE, mode is scattered into the
higher order modes because of inhomo-
geneities in the film and converted to
the TM, mode by residual magnetization
of the Bi:YIG thin-film. The rutile
prism is anisotropic and the optical axis
is parallel to polarization direction of
TE modes. Since the extraordinary
refractive index for TE modes is larger

than the ordinary index for TM modes, the coupling angle of 41°43" of TM, mode

is larger than those of TE modes.

Experimental results of coupling angles and

normalized propagation constants derived from coupling angles are shown in Table 3

Table 3. Coupling angles and normalized propagation constants.

Mode Coupling angle Normalized propagation
0 (deg.) constant f/ko

TEo 22.23 2.176

TE; 18.90 2.143

TE: 12.83 2.078

TE; 5.87 1.998
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4. 1. Propagation Losses

By moving the output prism, the
optical intensity of TE, mode was
measured for several propagation lengths
as shown in Fig. 5. The propagation
loss of TE, mode is estimated to be
2.3dB/mm. The output intensity of
TE, mode seems to decrease due to the
scattering into the higher order modes
rather than the absorption of the Bi:
YIG film. This propagation loss is also
derived by the unstable coupling between
the prism and the thin-film.

By fabricating Bi:YIG thin-films
under the suitable sputtering conditions, the propagation loss can be reduced as
small as YIG (8 dB/cm)1® or less.

-
(=)

Ut

OUTPUT POWER (dB)

o

o

1 2 3 4
PROPAGATION LENGTH (mm)
Fig. 5. Attenuation of the guided TE,
mode.

4. 2. Mode Conversions due to Faraday Effects

The optical effects of TE to TM mode conversion were observed as shown in
Fig. 6, by applying the external magnetic field of H;=100 Oe parallel to the pro-
pagation direction of the optical wave with a coil. The mode conversion efficiency
of 70% has been obtained in the propagation length of 1.5mm. The value of satu-
ration field Hg is about 100 Oe and at the external magnetic field H=H,, magneti-
zation of the Bi:YIG film is saturated. However, the magnetic field is almost
saturated at a few Oersteds. ’

80 T T T
=4
o
)
= _s0f -
E3S
Z o~
)
O >
x40t -
Su AIR
OO_E Bi:YIG
s GGG
= w20~ .
i
=
O i 1 1 -
o] 5 15 20
. H (Oe)
TE TMgq APPLIED MAGNETIC FIELD
Fig. 6. TE to TM mode conversion Fig. 7. Mode conversion efficiency due
observed with IR TV camera. to the Faraday effect vs the

applied magnetic field.

The magnetic field dependence of TE-TM mode conversion is shown in Fig. 7.
From this result, it is found that the magnetic field required for the Faraday
rotation is about only 5Oe. Bi:YIG thin-films fabricated by RF sputtering method
have magnetic anisotropy with the easy axis parallel to the film plane and their
coercive force is 3Qe. Hence, the nonreciprocal circuits for optical isolators can
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be realized by very small external magnetic fields.

The TE-TM mode conversion efficiency through the Faraday effect changes
sinusoidally with the propagation length as shown in Fig. 8.1 The maximum mode
conversion efficiency, |S|?max 18 75 % and the minimum distance for achieving the
maximum conversion, /mis, is 1.65mm. The broken line was derived by substituting
[S12max=0.75 and /n;,=1.65mm into the mode conversion coefficient for the length

! given by

S =[S e sin?( 571 M

These results of Fig. 8 are different
from the theoretical values, calculated
with the assumption that Bi:YIG thin-
films are isotropic.%,t1> If thin-film is
isotropic, theoretically, specific Faraday
rotation @, and /,;, must be 3600 deg/
cm and 0.22mm, respectively, when
[S]|2max=0.75. Therefore, it seems that
Bi:YIG thin-films sputtered on GGG
substrate have weak birefringences which
arise from the stresses caused by the
lattice misfits between the thin-films
and substrates. The TE-TM mode con-
version efficiency is strongly affected
by the birefringence in the garnet film,
so that we discuss these effects in detail
in the next chapter.

S
S
T
@
=
@

1

1SI* (%)
w
¢

CONVERSION EFFICIENCY
o
=]
T
~
3

TE-TM POWER

£ (mm)
PROPAGATION LENGTH
Fig. 8. Mode conversion efficiency due to
the Faraday effect as a function
of the propagation length.

From Fig. &, it is found that the TE-TM mode conversions of

more than 50 % can be achieved in the Bi:YIG films of thickness W=2.13 gm
without ZnO top layers that approximately satisfy the phase matching condition.
Therefore, it is found that the nonreciprocal circuit can be realized with Bi:YIG
thin-film of 1mm in length without matching top layer, because the 50 % mode
conversion can be obtained in the short length of 1 mm.

4. 3. Mode Conversions due to Cotton-Mouton Effects

The reciprocal mode conversions due to the Cotton-Mouton effects were mea-
sured by using an electromagnet with

two poles. The direction of the applied

§ 60} oo g-225 ' A . ' magnetic field is perpendicular to the
R S SN, propagation direction of the optical wave
g i 4of AR L R and oriented § away from the line normal
6,  Bug S et \f’\@ to the film plane. Figure 9 shows the
€2 20 B e o reciprocal TE-TM mode conversion
£C | ‘: e T S IO efficiency when #=22.5° 30° and 45°,
R ol ’/"°'*2-"‘P"_; : - Z where the magnetic field is about 150
S i Oe. The broken 1ine§ are estimated

Fig. 9. Mode conversion efficiency due to from Eq. (1), where |Sfn.. and /... are

the Cotton-Mouton effect as a
function of the propagation length.

obtained for each @, as follows.
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for §=45°, 1S120.x=0.30, /nin=3.2mm

for 6=30°, 1S12max=0.55, [on=2.9mm

for §=22.5° 1502,,.=0.09, /,.=3.6mm
From these results, it is found that mode conversion efficiency of 504 can be
achieved for the propagation length of 2.3mm and 6=30° in the Bi:YIG thin-film
of thickness 2.13 pm. Hence, the reciprocal circuit of 50 95 conversion can be con-
structed with the length of 2. 3mm.

The mode conversion efficiencies due to the Cotton-Mouton effect were obtained
for various intensities of the magnetic fields, Fig. 10 shows mode conversion
dependence on external magnetic field for /=2, 3mm and #=45°, The mode conversion
efficiency becomes constant when the applied external field intensity is larger than
70 Oe. Therefore, the magnetic field required for the reciprocal circuit in the
optical isolator is 70 Oe which 1s about ten times as large as that for the nonreci-
procal circuit, because the easy magnetization axis is parallel to the film.

5 >° > 60— T T T
5 = '
53 z
«k Z20 . -
E O~
oz o -2
le) LL‘ -~
a.(_é 0 e S 40O
U [0 o FE S
" 58] °2]
~O ; =z -
0
20 40 60 80 100 oo
H(Oe) [a
APPLIED MAGNETIC FIELD %.’3 20F
Fig. 10. Conversion dependence on = g
external magnetic field. -z -
w o
= O
0 - 1
0 20 40
Fig. 11. Conversion dependence on angle between e(deg_)
the normal line and magnetic field. ANGLE OF
MAGNETIZATION

Fig. 11 shows the mode conversion efficiency when the direction of the applied
magnetic field of 150 Oe is rotated in the plane perpendicular to the optical pro-
pagation direction.

The mode conversion efficiency is not maximum at §=45°, because the magne-
tization of the film is not perfectly parallel to the direction of the applied magnetic
field, but it tilts toward the film plane.

5. Optieal Isolation in the Bi:YIG Film Waveguide

From the experimental results of non-reciprocal and reciprocal properties, the
waveguide type optical isolator was constructed as shown in Figs. 12 (a) and (b),
where M is magnetization. The magnetic fields were applied with the Ba ferrite
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FERRITE MAGNET a{mmlél(_'z‘
RUTILE > 213pm <M ®OM
PRIS Zii
GGG
i Bi:YIG
GGG
()

Fig. 12. Structure of the waveguide type optical isolator constructed experimentally.

magnets and the length of nonreciprocal 0
and reciprocal parts were 1.0 and 2.3
mm, respectively. The top layer is air.
The isolator operation was confirmed
by reversing the direction of the magne-
tic fields. As mode selectors, polari-
zers were used at the input and output
of the optical isolator. The guided mode
selectors have not been sputtered on
the substrates. The isolation ratio was 3 . 5 6
obtained for several propagation lengths 4 (mm)
by measurement of optical output, PROPAGATION LENGTH
reversing the magnetic field direction. Fig. 13. Isolation ratio vs propagation
The experimental results are shown length.
in Fig. 13.

The maximum isolation ratio of
about 7.5 dB has been accomplished in the propagation length of 4.6 mm. Compared
with the optical isolator with the YIG film,® the film thickness and the propagation
length has been reduced to 1/2.5 and 1/3, respectively, in this isolator with the Bi:
YIG film. It seems that large isolation ratio can be achieved with shorter pro-
pagation length by improving birefringence character and surface roughness of
garnet films, and external ferrite construction concerned with the strength and

distributions of applied magnetic fields.

ISOLATION RATIO
lgl1y (dB)

6. Birefringence Effects on the Mode Conversions

In order to explain the experimental results shown in Fig. 8, we discuss here
the TE-TM mode conversion, assuming weak birefringences in Bi:YIG thin films,
and investigate the birefringence effects on the nonreciprocal characteristics of
optical isolators.16’

When the lattice constant of the thin film is smaller than that of the substrate,
positive uniaxial anisotropy is induced in the thin film by the lattice misfit
stress.12,1"  The specific dielectric tensor is given by
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gi=lefey ey 0 )
0 0 €1,

e1.= (N 4m,)* 3

ey =e1,=n?2 ©))

where the z axis is the propagation direction of the optical wave and the x axis is
perpendicular to the plane of the film as shown in Fig. 14. The birefringence is
denoted by 4n;. n; and n,--4n, are the refractive indices for the ordinary and
extraordinary waves. The off-diagonal
term e,y 1S imaginary constant, that

Bi:YIG X represents the magneto-optic effect.
Eix Epy O W AlR The asterisk expresses complex con-
g =|€h €y O | Bi:vie jugation.  The refractive indices of
o o &, Yy GGe gyrotropic thin films at wave-length of
1. 15 ym are n;=2.18 and #,=1.945 for
£, =(n +An1)2 the Bi: YIG film and the GGG substrate.

e - That of air top layer is #;=1.0
&y = &= i =218 Based on the unperturbed mode
GGG ng =1.945 functions for TE and TM modes in the
AIR ny =10 anisotropic films, where different dia-
Fig. 14. Birefringence effects and gonal terms of the dielectric tensor
dielectric tensor. express birefringences and off-diagonal

terms concerned with magneto-optic

effects, are zero, TE-TM mode con-
versions can be analyzed by perturbation method, if off-diagonal terms are small
perturbation parameters.

The mode conversion factor |Si%,., and C= Zlﬁ in eq.(1) are
min
‘ 1
| !2 I
S . x_(_3_>2 (5)
\K
and

C=pak 1+ (2 ) (6)
where

- Kz(’l‘ E) "T‘K3<TM}

/3
pm 2 ’

K (TE K T™,
) ( y)

K TE K TM.

( ) ( )

d

N ! W N
]{"-—-—"_‘——*l ‘8122 and N'lg:—%:weog €*1xyey<TE)ex(TM)dx
m 0
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K,® and K,™), and ¢,"™ and ¢,(™ are propagation constants and fields compo-
nents of the unperturbed TE and TM modes, respectively.

The birefringence factor 4n; changes the propagation constant K,™0. Faraday

rotation 6, is given by Op= ;; le1zy|. The Faraday rotation factor ¢, depends on

the quantities of Bi substitution in the garnet films. 6,=280, 500, 1000, 1500 and
2000 deg./cm correspond to €1,y =73.91x 1074, 76.98x 104, j1.40x1073, j2.09% 1073,
72.79% 1073 and j1.79x 1073, respectivery.

. In Fig. 15, the maximum mode conversion efficiencies |S|2,.x are shown with
regard to birefringence 4n, for kW =11.6 (W=2.13 zm). Mode conversions in-
crease with 6,. When 41,;=1.35x1073, [S{?,..=1 and in this birefringence, the
phase matching condition between TE, and TM, modes is satisfied. In Fig. 16, solid
lines show the minimum distances [,;, where [S|? has the first maximum of |S|2max
along the propagation length, and broken lines show the minimum distances /n:, for
|§12=0.5. When 4n,=1.35x1073, [,;, has the maximum, while /$;? has the minimum.
lmin and /&2 decrease with 6.

T (—— T =TT
a >
wh o
z =z
ouw 2
“Sg
o0
e
" 2|- -
e
5 x AIR
% ‘XQ g Bi:YIG
=y & GGG
3 - E
zo z E L -
5~
an, = | —— MAX. CONV.
BIREFRINGENCE g ~==50% CONV.
Fig. 15. Dependence of the maximum Q
conversion efficiencies on SR I = A
birefringence. 280
500
1000
1500
2000
(degcm)
Fig. 16. The propagation length required for | =~ 7 7mmreeeeaoo-
maximum and 50% mode conversion
efficiency. 1 [ 1 [
0= 3
10 10 10
ANy

In order to estimate 4, and 4n; from the experimental values of |S|%m.. and
Imin,» numerical diagrams for the film thickness of 2.13 gm are shown in Fig. 17.
The solid and broken lines show the conditions where |S|2,,. and [,;, are constant,
respectivery. The birefringence leads mode degeneracy between TE, and TM,
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modes in the Bi:YIG thin film when 4n,;=1.35x10"%. The minimum distance for
achieving 502 mode conversion efficiency, /9%, is minimum at phase matching point
and decreases with the increase of specific Faraday rotation ,. The birefringence
4nq yields large changes of |S12,.x and [nia, if 8, is small. From the experimental
results of [512,.:.=0.75 and [ni,=1.65mm for mode conversions due to Faraday
effects, it can be evaluated that #,=460 deg./cm (s1,,=76.0x10"4) and 4n,=1.17X
10-3% for the Bi:YIG thin film sputtered on the GGG substrate.

EZOOO ™7 e An-izlsxSOﬁ! 121073 52107 ix
© 08 wo o WOF y -
. . Vs ; =z _
< 2 0.6 ow B = '
) 0.4 - gk | 500 !
o 0.2 == [---1000 il
T3 0.1 Eﬁ {deg.icm) H
— - Lo .
© é 1000 m(;nz ) S 05 AR
= F Ao za BIYIG
o 05 S i
oo 06 zy - GGG
o o 1.0 =z
Vo 1.5 o
2.0 © ) I
oy — L 0 10 20 30
107 107 koW
A NORMALIZED. FILM THICKNESS
Fig. 17. 4ny vs 0r for various value of Fig. 18. The maximum mode conversion
1S2has and /niq. as functions of normalized film
thickness.

Dependences of the maximum mode conversion efficiency [S/2,.. on film thic-
kness are shown in Fig. 18, where W is the film thickness and k, is the free space
wave number. The curves of 4n,=0 correspond to the cases of isotropic films.
With the increase of 4n,, the mode degeneracy is achieved with smaller film
thickness. However, the film thickness tolerances 4W become small in case of
more than 50 % mode conversion. On the other hand, 4W becomes large as 6,
increases.

When 4n;=1x10"% and #,=500deg./cm, 4W =0.5 #m. Hence, the film thickness
control can be easily accomplished in the fabrication of Bi:YIG thin films by RF
sputtering method. The minimum propagation length required for |S|24.. and 50 %
mode conversion efficiency are shown as functions of film thickness in Fig. 19.
The required propagation length near mode degeneracy are constant and do not so
much depend on 4n,, particularly, when magneto-optic effects are large, as shown
in Fig. 16. Therefore, in order to reduce the propagation length of optical isolators,
it is necessary to use the gyrotropic films with large magneto-optic effects. In
order to fabricate optical isolators with small film thickness, it is also necessary
to increase the birefringence 4.

Similarly, as for the Cotton-Mouton effect, on the assumption that, in the
dielectric tensor concered with transverse magnetic field, ¢i,, is real and other
off-diagonal terms are negligible small, when 4n;=1.17x1073, |S|%,., and [, are
shown as functions of ¢;,, in Fig. 19. From the results of Fig. 20, we obtain
e12y=1.1x1074, 3.8x107¢ and 2.4x10"* for #=22.5 30 and 45°, respectively.
These theoretical values are approximately equal to experimental values.

In these constructions, top layer of Bi:YIG thin film waveguides is air.
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Finally, we consider the effects of refractive indices of top layers on mode con-
versions. In practice, the top layers are indispensable as buffer layers which protect
guided waves from lossy effects in magnetic circuits, such as ferrites. Figs. 21 and
22 show the maximum conversion efficiencies and propagation lengths as functions
of film thickness with ZnO top layer, of which refractive index n;=1.945. As the
refractive indices of top layers, us, increase, the degenerate film thickness become
small and the film thickness tolerance also becomes small, compared with the case
of air top layer. The propagation length at mode degenerate film thickness, /nia
and /93, are not affected by the top layer, but dependent on 6§, of the film. The
degenerate film thicknesses are evaluated for the several indices n; of top layer as
shown in Fig. 23. From Fig. 23, it is found that the degenerate film thickness
can be controlled by about 0.6 gm with the refractive index of the top layer. For
example, when 4n;=1.1710"3, the complete mode conversion can be obtained with
the film thickness of 2.09 #m and #n;=1.5 by using glass as a top layer. In these
optical isolators, the propagation lengths for the nonreciprocal and reciprocal
circuits reduce to 0.96 and 1. 67 mm, respectively. In this case, amorphous materials
can be used as top layers, so that the top layers are easily fabricated on the garnet
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efficiencies on film thickness in
isolators with ZnO top layer.

films by RF sputtering method. Since the refractive indices of the top layers
depend on the sputtering conditions, the mode degeneracy can be achieved by suitable
material selection for top layers and sputtering conditions. Thin film optical
isolators can be realized with small propagation length.

7. Conclusion

In order to construct waveguide type optical isolators, TE-TM mode conversions
due to the Faraday and the Cotton-Mouton effects were measured in the Bi:YIG
thin films sputtered on the GGG substrates. From the experimental results, it is
found that there is weak birefringence of 1.17x10-% in the Bi:YIG thin film,
which yields useful phase matching and degenerate condition. The design data for
the nonreciprocal and reciprocal circuits have been obtained at thickness of 2. 13 pm.
The required propagation lengths and applied magnetic fields are 1mm and 5 Oe for
the nonreciprocal circuit, and 2.3mm and 70 Oe for the reciprocal circuit. The
waveguide type optical isolator consisting of the Bi:YIG thin film on the GGG
substrate has been constructed with the ferrite magnets, and the isolator operation
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has been confirmed. The maximum isolation ratio of 7.5 dB has been realized for
the propagation length of 4.6 mm. Though this isolation ratio is not sufficient for
practical use, higher isolation ratios can be achieved by controlling the strength and
distributions of the magnetic fields and the propagation length under the optimum
conditions concerned with top layers.

The mode degeneneracy induced by the birefringence of Bi:YIG films can be
applied for the fabrication of waveguide type optical isolators with high isolation
ratios and low insertion losses. The degenerate film thickness can be changed by
about 0.6 ym with the refractive indices of top layers. Therefore, it is necessary
to select the materials which have the refractive indices suitable for top layers,
considering film thickness. Moreover, it is important to fabricate the garnet films
with high magneto-optic effects by modifying the substitution ratios of Bi and Al
This waveguide type optical isolator may be improved by constructing the mode
selectors and the magnetizing circuits in forms of film waveguides.
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