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Graded-index clad layers with different thickness were used in~Cd,Mn!Te waveguide, and
magneto-optical mode conversion was investigated as a function of the thickness of the
graded-index layers. Magneto-optical mode conversion efficiency increased with the graded-index
layer thickness, and high efficiency of 98%62% was obtained for the waveguide with 4000- to
5000-Å-thick graded layers. The waveguide also showed low optical loss of 0.5 dB/cm and high
magneto-optical figure-of-merit above 500 deg/dB/kG. ©2004 American Institute of Physics.
@DOI: 10.1063/1.1668571#

Optical waveguide isolator is an important integrated op-
tic component in optical network systems. Isolators are used
in the high speed fiber transmission systems to stabilize the
laser diodes by protecting them from unwanted light reflec-
tions running back on the line. The operation of the wave-
guide isolator is based on the Faraday effect exhibited by the
magneto-optic materials. In the present optical networks, ox-
ide crystals of yttrium iron garnet~YIG! such as Y3Fe5O12

and (GdBi)3Fe5O12 are used as magneto-optical materials
for the optical bulk isolators. Waveguide optical isolators
based on these oxide films have been already reported.1–3

However, because the growth of these oxide crystals on
semiconductor substrate is difficult,4 alternative magneto-
optical materials are highly desired for future semiconductor
optoelectronics devices. In this paper we report another
promising magneto-optical material of Cd12xMnxTe, known
as diluted magnetic semiconductor~DMS!.

Cd12xMnxTe is an attractive magneto-optical material
for both basic research and applications.5–7 The physical
properties of Cd12xMnxTe are based on the strong exchange
interaction between thesp-band electrons and the localizedd
electrons of Mn ions. The magnetic interaction in DMS leads
to the large Zeeman splitting and giant Faraday rotation.5

Because of the tunability of its absorption edge from 1.56 to
2.1 eV by changing the Mn concentration, Cd12xMnxTe can
be used for magneto-optical devices operating in the wave-
length range of 600–800 nm.8 For longer wavelength~l
5800–1600 nm! optoelectronic devices, Cd12x2yMnxHgyTe
bulk isolators are commercially available.9 For the practical
application of the waveguide isolator, the increase of the
magneto-optical conversion efficiency between transverse
electric~TE! and transverse magnetic~TM! waveguide mode
is essential. We have reported 34% of the TE–TM mode
conversion efficiency in Cd12xMnxTe waveguide,10 but this
value was not sufficient for practical purposes. One should
obtain a mode conversion efficiency higher than 95%. The
mode conversion efficiencyR is expressed as11
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whereQF5V•H is the Faraday rotation per unit length,V is
the Verdet constant,8,12H is the magnetic field strength,Db is
the phase mismatch between TE and TM modes, andL is the
optical propagation length. To achieve the high mode con-
version efficiency, it is necessary to increaseQF and reduce
the absolute value ofDb. Recently, we have succeeded to
increase the mode conversion efficiency up to 98% by using
a Cd12xMnxTe core layer sandwiched by two graded-index
Cd12xMnxTe layers.13 As shown in this work, this enhance-
ment was due to the decrease of the absolute value ofDb. In
order to clarify the mechanism of the reduction of the phase
mismatch, magneto-optical waveguide mode conversion in
the Cd12xMnxTe waveguide was investigated as a function
of the graded-index layer thickness. This paper also reports
the low optical propagation loss and high magneto-optical
figure-of-merit of the Cd12xMnxTe waveguide.

Cd12xMnxTe waveguides are grown on an epi-ready
GaAs substrate~001! by the molecular beam epitaxy method
employing conventional cells for Mn and Zn and EPI SUMO
cells for Cd and Te. We optimized the growth conditions and
fabricated the Cd12xMnxTe waveguide in the following way.
At the beginning, GaAs substrate was thermally cleaned at
480 °C under atomic hydrogen flux to remove oxides from
the GaAs surface. Before initiating the growth, the GaAs
substrate was kept for 30 min under Zn or Cd flux to prevent
the formation of the undesired Ga2Te3 compound. At first, a
thin 10 nm ZnTe was grown on the GaAs substrate to initial-
ize the~001! growth. Then a 1-mm-thick CdTe buffer layer, a
1-mm-thick first Cd0.66Mn0.34Te waveguide clad layer, a
2-mm-thick second Cd0.73Mn0.27Te clad layer, a bottom
Cd12xMnxTe (x50.27– 0.23) graded layer, a 1-mm-thick
Cd0.77Mn0.23Te waveguide core layer, and a top
Cd12xMnxTe (x50.23– 0.29) graded layer are grown.
Graded layers with different thickness of 0, 1000, 2000,
3000, 4000, and 5000 Å are inserted between the core layer
and air and between the core and clad layers. For both gradeda!Electronic mail: m-debnath@aist.go.jp
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layers, Mn concentration was changed linearly with thick-
ness. The reflection high energy electron diffraction showed
thec(232)-(231) surface reconstruction during CdTe and
Cd12xMnxTe growth which indicates the optimum condition
to grow the waveguide structure. For a Cd12xMnxTe wave-
guide on GaAs substrate, clad layers with smaller refractive
index are essential. Because the refractive index of GaAs is
higher than that of Cd12xMnxTe, a single Cd12xMnxTe layer
on GaAs does not work as a waveguide. Transparent wave-
guide clad layer of Cd0.73Mn0.27Te satisfies these conditions.
Waveguide core layer was grown by choosing the band gap
for 685 nm, which is the limit of our excitation source of the
laser beam.

Figure 1~a! shows the experimental setup to measure the
optical propagation loss and magneto-optical TE–TM mode
conversion. A GaP prism was used to couple the laser light
from a tunable Ti:sapphire laser~l5680 nm–800 nm! into
the Cd12xMnxTe waveguide. The light scattered from the
film surface of the waveguide was detected by a CCD TV
camera. A linear polarizer was placed in front of the TV
camera with its polarization axis perpendicular to the light
propagation direction. With this configuration, only the TE
mode component of the waveguiding light can be detected
by the TV camera. Figure 1~b! shows an image of the propa-
gation atl5755 nm for the Cd12xMnxTe waveguide with a
5000-Å-thick graded layer. Optical propagation loss was de-
termined by exponential fitting of the decay of the scattered
light intensity as a function of the propagation length with
TE polarized input light. Estimated optical loss of the wave-
guide mode was 0.5 dB/cm. Because Cd12xMnxTe is a semi-
conductor, optical loss increases near the absorption edge of
the waveguide core layer. In spite of this, the present wave-
guide showed considerably low optical loss.

For the evaluation of the magneto-optical TE–TM mode
conversion efficiency, the TM polarized input light was ex-
cited and TE scattered light was detected by the CCD TV
camera. When a magnetic field was applied parallel to the
light propagation direction, a light streak with a periodically

modulated intensity was observed due to the effect of Fara-
day rotation. TE–TM mode conversion was measured with
several wavelengths and magnetic fields up to 5.5 kG. Figure
2~a! shows the experimental results of the TE–TM mode
conversion efficiency of the two waveguides with 1000 Å
~square! and 4000 Å~circle! thick graded layers. Data are
shown as a function of propagation length atl5740 nm and
H55.5 kG. As shown here, mode conversion efficiency is
higher for the thicker graded layer. The solid line of Fig. 2~a!
was fitted by Eq.~1!. Faraday rotation and mode phase mis-
match can be determined with high accuracies. Figure 2~b!
shows the maximum mode conversion efficiency as a func-
tion of wavelength of the two waveguides atH55.5 kG. The
square and circle represent the waveguide with 1000- and
4000-Å-thick graded layer, respectively. Mode conversion
efficiency is high atl5740 nm. Maximum mode conversion
of 45%62% was achieved for a waveguide with a 1000-Å-
thick graded layer, and this value was strongly enhanced up
to the 98%62% with an insertion of a 4000-Å-thick graded
layer. This is the highest value of the mode conversion effi-
ciency ever reported for the DMS waveguide.

Figure 3 shows the maximum mode conversion effi-
ciency~square! and mode phase mismatch~circle! as a func-
tion of thickness of the graded layers under the magnetic
field of 5.5 kG. With increasing the thickness of the graded-
index layer, the phase mismatch decreases and mode conver-
sion efficiency increases. The increase of the mode conver-
sion efficiency is due to the strong reduction of the phase
mismatch. For the reduction of the phase mismatch, the
stress-induced optical birefringence and the growth-induced
optical birefringence14 also play important roles in the
garnet-based waveguide isolators. Present Cd12xMnxTe

FIG. 1. ~a! Experimental setup to evaluate the optical propagation loss and
the magneto-optical TE–TM mode conversion.~b! Streak of the waveguid-
ing light in a low optical loss Cd12xMnxTe waveguide atH50 kG.

FIG. 2. ~a! TE–TM mode conversion ratio as a function of propagation
length atl5740 nm andH55.5 kG. Square and circle represent the experi-
mental data of the Cd12xMnxTe waveguide with 1000- and 4000-Å-thick
graded layer, respectively, where solid lines are fitted by Eq.~1!. ~b! Maxi-
mum mode conversion ratio as a function of wavelength of Cd12xMnxTe
waveguide with 1000-~square! and 4000-Å-~circle! thick graded layers at
H55.5 kG.
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waveguide on GaAs substrate was completely relaxed and
the stress- and growth-induced birefringences had no roles
for the reduction of the phase mismatch. It was shown that
Cd12xMnxTe waveguide without graded-index layer has an
experimental value of the phase mismatch of 1000 deg/cm,
which agrees with the theoretical value calculated by ignor-
ing the effect of the stress- and growth-induced birefrin-
gences. In the Cd12xMnxTe waveguide, only the graded-
index layer seems to work for the reduction of the phase
mismatch. If we consider the waveguide mode as a plan
wave reflected between the boundaries of the waveguide, the
phase mismatch between TE and TM polarized modes is due
to the polarization dependence of the Fresnel reflection co-
efficient. It is bigger for a bigger refractive index step at
waveguide boundaries. If at the boundary there is a graded
change of refractive index through some thickness instead of
sharp step, the polarization dependence of the reflection co-
efficient should diminish. Thus graded-index clad layers at
waveguide boundary can reduce the phase mismatch and en-
hanced the mode conversion efficiency.

Figure 4 shows the magneto-optical figure-of-merit as a
function of wavelength for the Cd12xMnxTe waveguide with
5000-Å-thick graded layer. The figure-of-merit was defined
as a Faraday rotation per unit optical loss.8 The value of the
figure-of-merit varies in the range of 200–900 deg/dB/kG for
the wavelength regions of 715–755 nm. The high figure-of-
merit was due to the low optical loss~0.5–6 dB/cm! of the
Cd12xMnxTe waveguide as shown in the inset of Fig. 4. At
l5740 nm where mode conversion efficiency was maxi-
mum, the figure-of-merit was measured to be more than 500
deg/dB/kG. This value is sufficient for use in the magneto-
optical devices. We estimated numerically that 98% of mode
conversion was sufficient for fabrication of an optical isola-
tor with isolation better than 25 dB.

In conclusion, we found that graded-index clad layers
are very effective to increase the mode conversion efficiency

and reduction for the mode phase mismatch. Mode conver-
sion efficiency reached the maximum value of 98%62% and
mode phase mismatch reduced 10 times for the waveguide
with thicker graded layers compared to a waveguide without
graded layer. Cd12xMnxTe waveguide showed low optical
loss of 0.5 dB/cm, which leads to the figure-of-merit above
500 deg/dB/kG. This result is an important step to achieve a
monolithic integration of DMS-based optical isolators and
circulators with other semiconductor-based optoelectronic
devices.
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FIG. 3. Graded layer thickness dependence of the mode conversion ratio
and the mode phase mismatch atH55.5 kG. FIG. 4. Magneto-optical figure-of-merit as a function of wavelength in

Cd12xMnxTe waveguide with 5000-Å-thick graded layer. Inset shows the
optical loss as a function of wavelength.
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