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Optical isolation in Cd12xMnxTe magneto-optical
waveguide grown on GaAs substrate
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The isolation effect was studied in a Cd12xMnxTe magneto-optical waveguide grown on a GaAs substrate. By
use of prism coupling, an isolation ratio of 20 dB was achieved at l 5 740 nm under a magnetic field of 5 kG.
The high isolation ratio obtained in the magneto-optical waveguide grown on the semiconductor substrate
shows the feasibility of monolithical integration of an optical isolator with semiconductor optoelectronic de-
vices. © 2005 Optical Society of America
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The optical isolator is an indispensable component in
high-speed optical network systems. It stabilizes laser
oscillations by preventing the backward-traveling light
from re-entering a laser cavity and prevents unwanted os-
cillations in optical amplifiers and switchers. The isola-
tor can function only by utilizing the inherent time-
inversion asymmetric dielectric function of magneto-
optical materials. In present optical networks,
ferrimagnetic garnet oxide crystals such as Y3Fe5O12 and
(GdBi)3Fe5O12 are used as the magneto-optical materials
for discrete optical isolators. Waveguide optical isolators
based on these films have been reported.1–5 Because
most active optical elements (such as laser diodes, optical
amplifiers, modulators, and optical gates) are produced on
GaAs or InP substrates, it is desirable to integrate mono-
lithically all optical components on these types of sub-
strate. However, integration of the isolator is a difficult
task. Garnet-made isolators have not been monolithi-
cally integrated with semiconductor optoelectronic de-
vices because these oxide crystals cannot be grown on
semiconductor substrates. Several methods of integrat-
ing magneto-optical waveguide devices with semiconduc-
tor optoelectronic devices have been proposed. Yokoi
et al.6 and Levy et al.7 proposed a direct bonding of the
garnet waveguide onto a semiconductor substrate. Ham-
mer et al.8 and Zaets and Ando9 proposed hybrid struc-
tures of a semiconductor optical amplifier and a ferromag-
netic metal film. In this paper we discuss another
promising means of achieving the integration, i.e., with a
magneto-optical waveguide made of a diluted magnetic
semiconductor.10–12

The diluted magnetic semiconductor Cd12xMnxTe13,14

is a promising magneto-optical material for integrating
optical isolators and circulators. Cd12xMnxTe shares a
zinc-blende crystal structure with typical semiconductor
optoelectronic materials such as GaAs and InP; its film
can thus be grown directly on GaAs and InP substrates.
Cd12xMnxTe also exhibits a huge Faraday effect [its Ver-
det constant is typically 100–500 (deg/cm)/kG]11,12,15,16

near its absorption edge because of the anomalously
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strong exchange interaction between the sp-band elec-
trons and the localized d electrons of Mn21. Further-
more, the tunability of its absorption edge from 1.56 to 2.1
eV with Mn concentration13 makes the Cd12xMnxTe
magneto-optical waveguide compatible with AlGaInP:
GaAs optoelectronic devices operating in a wavelength
range of 600 to 800 nm. Cd12x2yMnxHgyTe17,18 can be
used for longer-wavelength (l 5 800–1600 nm) optoelec-
tronic devices. Bulk optical isolators using these materi-
als are now commercially available.17 A low-optical-loss
Cd12xMnxTe waveguide can be grown on a GaAs sub-
strate. We recently demonstrated complete magneto-
optical conversion between transverse-electric (TE) and
transverse-magnetic (TM) modes with a Cd12xMnxTe
waveguide grown on GaAs.12 The waveguides had a low
optical loss and high Faraday rotation. Here we present
the results of our study on the isolation effect in a
Cd12xMnxTe waveguide for the first time.

A Cd12xMnxTe waveguide was grown by molecular
beam epitaxy on a GaAs(001) substrate.19 We optimized
the growth conditions and fabricated a Cd12xMnxTe wave-
guide in the following way. The GaAs substrate was
thermally cleaned at 400 °C under an atomic hydrogen
flux to remove oxides from the GaAs surface. Before
growth was initiated, the GaAs substrate was kept for 30
min under a Zn flux to prevent the formation of the unde-
sirable Ga2Te3 compound. First, thin 10-nm ZnTe was
grown on the GaAs substrate to initialize (001) growth.
After fabrication of a 1-mm-thick CdTe buffer layer, the
Cd12xMnxTe waveguide was grown. It consisted of a
3-mm-thick Cd0.73Mn0.27Te waveguide cladding and a
1-mm-thick Cd0.8Mn0.23Te waveguide core. The wave-
guide core was sandwiched between two 500-nm-thick
Cd12xMnxTe (x 5 0.27–0.23) graded-refractive-index
clad layers, for which Mn concentration changed linearly
with thickness. As we previously showed,12,20 the
graded-refractive-index clad layers are essential for
Cd12xMnxTe waveguides to achieve high magneto-optical
TE–TM waveguide mode conversion. The refractive in-
dices of the waveguide cladding and core were measured
2005 Optical Society of America
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to be 2.8518 and 2.8740 at l 5 740 nm, respectively.10

The waveguide was monomode.
Figure 1(a) illustrates the experimental setup we used

to evaluate optical propagation loss and TE–TM wave-
guide mode conversion. A GaP prism was used to couple
the laser light (l 5 740 nm) into the Cd12xMnxTe wave-
guide. A cooled CCD TV camera collected light scattered
normally from the film surface. A linear polarizer was
placed in front of the TV camera with its polarization axis
perpendicular to the direction of light propagation. With
this configuration the TM-mode component was blocked
by the polarizer, and only the TE-mode component of
waveguiding light could be detected by the high-
sensitivity TV camera. In the absence of a magnetic
field, a scattered light streak was observed when the TE
mode was excited, but this streak was not observed when
the TM mode was excited. We evaluated optical propa-
gation loss by exponentially fitting the decay of scattering
light intensity as a function of propagation length with
TE-polarized input light. The estimated optical loss was
0.5 dB/cm.

For the evaluation of the magneto-optical TE–TM
waveguide mode conversion, a magnetic field was applied
parallel to the direction of light propagation. A light

Fig. 1. (a) Experimental setup for evaluating optical propaga-
tion loss and TE–TM waveguide mode conversion at l
5 740 nm. (b) A spatially modulated light streak appears when
a magnetic field of 5 kG is applied parallel to the light propaga-
tion direction. Input light is TM polarized. (c) TE–TM conver-
sion ratio as a function of propagation length. Solid curve is cal-
culated data from Eq. (1) with Db 5 160 deg/cm and V
5 95 (deg/cm)/kG. Arrows indicate propagation distance for
45° and 45° 1 180° polarization rotation.
streak with a periodically modulated intensity was ob-
served for both TE-mode excitation and TM-mode excita-
tion. The oscillations maxima during TE excitation cor-
responded to the oscillations minima during TM
excitation and vice versa. Owing to the Faraday effect,
the polarization plane periodically rotated between TE
and TM directions. Since the camera detected scattering
light from only TE components, periodical modulation in
the light streak was observed. Figure 1(b) is a photo-
graph of a spatially modulated light streak under a mag-
netic field of 5 kG and the TM-mode excitation. Figure
1(c) plots the normalized intensity measured along the
light streak. As we can see from Figs. 1(b) and 1(c),
TE–TM conversion is almost complete at H 5 5 kG.
However, when the magnetic field is reduced, TE–TM
conversion is also reduced. Figure 2 plots the maximum
mode conversion ratio as a function of a magnetic field.
TE–TM waveguide mode conversion ratio R induced by
the Faraday effect is expressed as a function of optical
propagation length L as21

R 5
UF

2

UF
2 1 ~Db/2!2

sin2@AUF
2 1 ~Db/2!2L#, (1)

where UF 5 VH is the Faraday rotation per unit length,
V is the Verdet constant, H is the magnetic field strength,
and Db is the difference in phase velocities (phase mis-
match) for TE and TM modes. To increase the mode con-
version ratio, one should increase the Faraday rotation
and reduce the mode phase mismatch. A high mode con-
version ratio can be achieved only in waveguides in which
the Faraday rotation coefficient is much higher than

Fig. 2. Maximum TE–TM conversion ratio as a function of the
applied magnetic field. Triangles, experimental data measured
with the setup in Fig. 1(a); solid curve, fitting with Eq. (1).

Fig. 3. Angle of polarization rotation at the light propagation
distance of 4.8 mm in the Cd12xMnxTe waveguide as a function of
the applied magnetic field. Triangles, measured data; solid
curve, fitting with Eq. (1).
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mode phase mismatch. The Cd12xMnxTe is a paramag-
netic material, and its Faraday rotation coefficient is lin-
early proportional to the applied magnetic field. That is
why the mode conversion ratio reduces with reduced mag-
netic field. A high isolation effect can be achieved only in
a magneto-optical waveguide that has a high magneto-
optical mode conversion ratio.2

The distance between the maxima in Fig. 1(c) corre-
sponds to 180° polarization rotation. Figure 3 plots the
angle of polarization rotation at a propagation distance of
4.8 mm as a function of the magnetic field.

Figure 4 illustrates the experimental setup for evaluat-
ing optical isolation and optical transmission in a
Cd12xMnxTe waveguide by use of prism coupling. Polar-
ized input light was coupled into the Cd12xMnxTe wave-
guide with a GaP prism. The light was coupled out with
another GaP prism. We measured the transmission of
TE-polarized light as 2 dB higher than the transmission
of TM-polarized light. The transmission was polariza-
tion dependent because of the polarization dependence of
prism-coupling efficiency. For isolation measurements
an analyzer was placed in front of the detector. The
angle between the polarizer and the analyzer was set at
45 deg, and the polarizer axis was set at 22.5 deg with re-
spect to the TE polarization of the waveguide.22,23 A
magnetic field was applied along the direction of light
propagation. To minimize the influence of prism–
waveguide coupling efficiency on measurements of the
isolation ratio, we reversed the direction of the magnetic
field instead of reversing the direction of light propaga-
tion.

To obtain a high isolation effect, one should adjust the
angle of polarization rotation in magneto-optical media to
45° 1 m90°, where m is a positive integer. The Faraday
effect in Cd12xMnxTe is high (470 deg/cm at 5 kG in the
present case). As we can see from Fig. 1(c), for 45-deg ro-
tation at H 5 5 kG, the distance between input and out-
put prisms should be approximately 0.96 mm. It is diffi-
cult to set such a short distance between prisms with the
necessary precision. Also, direct coupling of scattered
light from the input prism to the output prism is possible
when the distance between the prisms is short. As this
can disrupt the isolation measurements, we set the dis-
tance between the prisms to 4.8 mm. From Fig. 1(c), this
corresponds to 45° 1 180° of polarization rotation at H
5 5 kG. Figure 5 plots the transmission coefficient for
forward and backward propagations as a function of the
applied magnetic field. Figure 6 plots the isolation ratio
as a function of the applied magnetic field. The isolation
ratio is defined as the difference between forward and

Fig. 4. Two-prism-coupling setup for evaluating the isolation ra-
tio and transmission coefficient.
backward transmissions. The isolation ratio has two
maxima of 4.5 dB at 1 kG and 20 dB at 4.9 kG and a mini-
mum of 26.5 dB at 4.9 kG. From Fig. 3, the first maxi-
mum isolation at 1 kG corresponds to 45° of the polariza-
tion rotation, and the minimum and second maximum
correspond to 45° 1 90° and 45° 1 180° of polarization
rotation, respectively.

The diagrams in Fig. 7 illustrate the isolation effect on
different angles of Faraday rotation. Thin arrows indi-
cate the direction of the polarization plane, and bold ar-
rows indicate the directions of the analyzer (A) and the
polarizer (P). The angle between the analyzer and the
polarizer is 45 deg. Faraday rotation is in the clockwise
direction for both forward and backward propagations
(owing to its nonreciprocal nature). The upper set is for
forward propagation, and the lower set is for backward
propagation. For forward propagation, the input polar-
ization is along the axis of the polarizer. Depending on
the output polarization direction with respect to the axis
of the analyzer, the light passes or is blocked. For back-
ward propagation, the input polarization is along the axis
of the analyzer. Depending on the output polarization
with respect to the axis of the polarizer, the light passes
out or is blocked. As can be seen from Fig. 7, the direc-
tion of isolation when Faraday rotation is 90° 1 45° is re-
versed in the direction of isolation when Faraday rotation
is 45° or 180° 1 45°. That is the reason a negative iso-
lation ratio can be observed at H 5 2.9 kG in Fig. 6.

Fig. 5. Transmission coefficient in forward and backward direc-
tions in the Cd12xMnxTe waveguide as a function of the applied
magnetic field. Distance between input and output prisms is 4.8
mm.

Fig. 6. Isolation ratio in the Cd12xMnxTe waveguide as a func-
tion of the applied magnetic field. Distance between input and
output prisms is 4.8 mm. Arrows show angles of Faraday rota-
tion at maxima and minimum of isolation.
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The isolation ratios at 1, 2.9, and 4.9 kG are plotted
versus the maximum mode conversion ratio at the corre-
sponding magnetic field in Fig. 8. Curve 1 plots data cal-
culated with the Jones matrix technique. The experi-
mental observed isolation ratios are lower than the
expected values calculated from the measured mode con-
version ratio.

As we previously mentioned, transmission of the TE
mode was measured as 2 dB higher than transmission of
the TM mode. Since we found no dependence of propa-
gation loss on polarization in the Cd12xMnxTe waveguide,
the reason for the polarization dependence of the trans-
mission is the dependence of prism–waveguide coupling
efficiency on polarization. Curve 2 of Fig. 8 plots the cal-
culated isolation ratio, where at each prism the coupling
efficiency for the TM mode was 1 dB lower than the cou-
pling efficiency for the TE mode. These calculated data

Fig. 7. Diagrams illustrating the isolation effect for different
angles of Faraday rotation. The upper set is for forward propa-
gation, and the lower set is for backward propagation. Thin ar-
rows indicate the direction of the polarization plane, and bold ar-
rows show the directions of the analyzer (A) and the polarizer
(P). The angle between the analyzer and the polarizer is 45 deg.
Faraday rotation is in the clockwise direction for both forward
and backward propagations (owing to its nonreciprocal nature).
The angles of Faraday rotation are (a) 45°, (b) 45° 1 90°, (c)
45° 1 180°. FW, forward; BW, backward.

Fig. 8. Isolation ratio as a function of maximum mode conver-
sion. Triangles, the maxima for absolute values of the isolation
ratio from Fig. 6; curves are calculated data. Polarization de-
pendence of coupling is not included in curve 1 and is included in
curve 2.
are closer to the experimentally measured ones. The
main application of the Cd12xMnxTe-waveguide isolator is
an isolator monolithically integrated with a semiconduc-
tor laser and an amplifier, where only waveguide–
waveguide or waveguide–fiber coupling can be used.
Since the polarization dependence of the waveguide–
waveguide and waveguide–fiber coupling is weak, an
even higher isolation ratio can be expected for an inte-
grated Cd12xMnxTe isolator. We used the prism coupling
only to demonstrate the ability of a Cd12xMnxTe wave-
guide isolator to deliver a high isolation ratio.

In conclusion, the isolation ratio of 20 dB was demon-
strated in a Cd12xMnxTe waveguide grown on a GaAs
substrate at l 5 740 nm under a magnetic field of 5 kG.
The demonstration of high optical isolation in a wave-
guide grown on a semiconductor substrate is an impor-
tant step in achieving a monolithic integration of an opti-
cal isolator with other semiconductor-based
optoelectronics devices.
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