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Complete magneto-optical waveguide mode conversion in Cd 1—xMn, Te
waveguide on GaAs substrate
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Complete magneto-optical mode conversion was attained in a waveguide of diluted magnetic
semiconductor Cd ,Mn,Te grown on GaAs substrate. Mode conversion ratio 88286 under a
magnetic field of 5 kG was achieved in the waveguide with graded-refractive-index clad layer. The
Cd, _,Mn,Te waveguide showed an optical loss below 1 dB/cm, and a high magneto-optical
figure-of-merit, 200 deg/dB/kG at=730 nm. High efficiency magneto-optical mode conversion in

a waveguide grown on a semiconductor substrate shows the feasibility of monolithical integration
of an optical isolator with semiconductor optoelectronic devices.2@4 American Institute of
Physics. [DOI: 10.1063/1.1644339

Optical isolators and circulators are indispensable com€d, _,Mn, Te also exhibits a huge Faraday effé¢¢s Verdet
ponents for high-speed optical network systems. An isolatoconstant is typically 50—200 deg/cm/K&*° near its absorp-
prevents unwanted oscillations in nonlinear circuits and station edge because of the anomalously strong exchange inter-
bilizes laser oscillation by preventing the backward travelingaction between thesp-band electrons and the localized
light from re-entering into the laser cavity. Circulators sepa-electrons of MA*. Furthermore, the tunability of its absorp-
rate output and input ports in bidirectional data transmissiorion edge from 1.56 to 2.1 eV with Mn concentration
systems. The isolator and circulator can only function bymakes the Cd ,Mn,Te magneto-optical waveguide compat-
utilizing the inherent time-inversion asymmetric dielectric ible with AlGainP:GaAs optoelectronic devices operating in
function of magneto-optical materials. In present optical netthe wavelength range of 600-800 nm. For longer-
works, ferrimagnetic garnet oxide crystals such af&0,,  Wavelength §{=800-1600 nm) optoelectronic devices,
and (GdBiyFe;0;, are used as magneto-optical materialsCth—x—yMn,Hg,Te'*!" can be used. Bulk optical isolators
for discreet optical isolators and circulators. Waveguide op4Sing these materials are now commercially available.
tical isolators based on these films have been repdrfed. Magneto-optical conversion between TE and TM modes was

Because most of the active optical elemestgh as the laser démonstrated é’l"ith a Gd,Mn,Te waveguide grown on Oa
diode, optical amplifier, modulator, and optical gadee pro- GaAs substrate: A TE-TM mode conversion ratio of 34%

duced on GaAs or InP substrates, it is desirable to integrat@nd_ magneto-optical .figu.re-of-merit of .15 (_jeg/dB/kQ were
monolithically all optical circuits on these types of substrate.ach'EVEd' For a practical mtegr_ated 9pt|cal isolator, isolation
However, garnet-film isolators and circulators have not bee atio should exceed 20 dB and insertion loss should be below

monolithically integrated with semiconductor OptoeleCtroniCma(::]?l.etgkg:ti(F:)aelrfv(\)/;n\::guci?jecﬁgvigglé rtr)ﬁ) dzcc?(lni\\//eecrisi\(lnvr:ﬂ;a;‘o
devices, because these oxide crystals cannot be grown on ' ) .
Y g above 95% and a figure-of-merit above 100 deg/dB.

semiconductor substrates. For realization of optical inte- TE—TM waveguide mode conversion raginduced by

grated circuits, integration of an optical isolator is one of the, . : .
e : . “the Faraday effect is expressed as a function of optical propa-
most difficult tasks. Several methods for integrating

) . ) ) ) pation lengthL as®
magneto-optical waveguide devices with semiconducto

opto-electronics devices have been proposed. Yekail® Y
and Levyet al.” proposed a direct bonding of a garnet wave-  R= —%sinz[\@%r (ABI2)%L], 1)
guide onto a semiconductor substrate. Hameteal® and OF+(AB/2)

Zaetset al® proposed hybrid structures of a semiconductor

optical amplifier and a ferromagnetic metal films. In this Iet-Where@F:V' H is th‘? Faraday rotation per unit length s
) . : .~ the Verdet constantl is the magnetic field strength, adg3
ter we discuss another promising way of the integration, i.e.

. . . ~Is the difference in phase velocifphase mismatotbetween
a m_agneto-og)r('glclzfll waveguide made of diluted magnetlcI'E and TM modes. To increase mode conversion ratio, the
semg:_?)r:dgcto 3 i iconduct Mn.Tel212 | Faraday rotation should be increased and the mode phase
Huted magnetic tsemlfonl ue ;)r . (‘.ll?‘ r.]Xt € " (;s t_mismatch reduced. Gd,Mn,Te is a paramagnetic material,
promising as a magneto-optical materai for integrated oplig, jq Faraday rotation coefficient is linearly proportional to

cal isolators and cwculatgrs. QQM'_"XTG sha_res the zinc- the applied magnetic field. However, we limit the magnetic
blende crystal structure with the typical semiconductor OptOFia|g strength to 5 kG, which is a practical value obtained by

electronic materials such as GaAs and InP; its film can beormanent magnets. Also, in diluted magnetic semiconduc-
thus grown directly on GaAs and InP substrateS.q g Faraday rotation exponentially increases when the opti-
cal wavelength approaches the band tfa5.However, for

¥Electronic mail: v.zayets@aist.go.jp the wavelength near band gap the optical loss increases as
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- version. A GaP prism was used to couple the laser light from
H - Polarizer tunable Ti:sapphire laser A&680—800nm) into a
Cd,_,Mn,Te waveguide. A cooled charge coupled device
television (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 light propagation direction. With this configuration, only
the TE mode component of waveguiding light can be de-
tected by the high-sensitivity TV camera. In the absence of a
FIG. 1. Experimental setup to evaluate magneto-optical TE-TM waveguidenagnetic field, a scattered light streak was seen when the TE
mode conversion and optical propagation loss. mode was exciteflFig. 2], but it was not seen when TM
mode was excite@Fig. 2(b)]. Also, weak dot-like scattering
well and low optical loss is very important for an isolator. on defects was seen in both cases.
Another way to increase mode conversion ratio is to reduce For the evaluation of the magneto-optical TE-TM wave-
TE-TM mode phase mismatch. If we consider a waveguidguide mode conversion, a magnetic field was applied in par-
mode as a plane wave reflected between boundaries of alel to the light propagation direction. A light streak with a
waveguide, the phase mismatch between TE and TM polaperiodically modulated intensity was observed for both TE
ized modes exists due to the polarization dependence of theode excitationFig. 2(c)] and TM mode excitatioffFig.
Fresnel reflection coefficient. It increases with increasing re2(d)]. Figures 2e)—2(f) show the measured intensity of the
fractive index step at waveguide boundaries. At the boundmodulated streak along the propagation length. The intensity
ary, if there is a graded change of refractive index throughwas normalized to input intensity. The oscillations maxi-
some thickness instead of a sharp step, the polarization deaums in the case of TE excitatigfig. 2(e)] correspond to
pendence of the reflection coefficient should diminish. It isthe oscillations minimums in the case of TM excitatiétg.
thus suggested that a graded-refractive-index layer at a wav@(f)] and vice versa. Under an applied magnetic field the
guide boundary can reduce mode phase mismatch and epelarization of the waveguide mode rotates because of Far-
large magneto-optical mode conversion ratio. We studied thaday effect. If the TE-TM mode phase mismatch is not zero,
effect of the graded-refractive-index clad layer on magnetothe eigenmodes of the waveguide are elliptically polarized
optical properties of Cd ,Mn,Te waveguide. and the rotation between TE and TM polarizations is not
Cd,_,Mn,Te waveguide was grown with molecular complete!! As seen from Figs. @)-2(f), the Cd_,Mn,Te
beam epitaxy on GaA$001) substraté?® It consists of a waveguide with the graded-index-cladding layer shows al-
3-um-thick Cd,,gMng ,4Te waveguide cladding and a 1.2- most complete mode conversion.
pm-thick Cd) gMng >Te waveguide core. The waveguide core The surface of the fabricated waveguide was very
was sandwiched between two 500-nm-thick,;Cdvin,Te  smooth and it scattered light very weakly. That is the reason
(x=0.24-0.2) graded-refractive-index clad layers, for whichfor the relatively large noise in the data shown in Fige) 2
the Mn concentration was changed linearly with thicknessand 2f). However, the measured precision for mode conver-
We used Cgl,gMngo4Te layers as cladding layers, since sion ratio, Faraday rotation, and mode phase mismatch was
GaAs is an optical absorber with a higher refractive indexbetter than 2%, because both the period and amplitude of the
than that of C¢_,Mn,Te, a single C¢d ,Mn,Te layer on mode conversion were fitted simultaneously for both cases of
GaAs does not work as a waveguifeOne needs transpar- TE mode excitation and TM mode excitation. Figure 3 shows
ent cladding layers with smaller refractive index.the TE-TM mode conversion ratio as a function of wave-
Cdy7gMngo4Te  satisfies  these  conditions  becauselength. The mode conversion has a maximum value of
Cd, _,Mn,Te with higher Mn concentration has a smaller 98%=*2% at\ =730 nm. For the same waveguide without
refractive index and wider optical band g#p*® the graded-refractive-index clad layer the measured mode
Figure 1 illustrates the experimental setup for evaluatingconversion ratio was only about 10%. Figure 4 shows the
optical propagation loss and TE—TM waveguide mode confaraday rotation and mode phase mismatch as a function of
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7 =730 nm. Without applying magnetic
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when TE mode was excited, but the
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;\3 ol T T T T ] without an applied magnetic fieldFig. 2(@)]. Estimated op-

bt tical loss of the waveguide mode was below 1 dB/cm\ at

2 st ] =730nm. Such a small optical loss leads to the high
5 magneto-optical figure-of-merit of 200 deg/dB/kG, which is
2 sl ) sufficient for use in magneto-optical devices. We estimated
3 numerically that a mode conversion of 98% is sufficient for
%; 251 H=5 kGauss | fabrication of an optical isolator with an isolation higher than
g 25 dB.

® o ol— . . . . In conclusion, graded-refractive-index L£g¢Mn,Te

§ 7100720 70 740750 760 waveguide grown on GaAs substrate showed almost com-

wavelength, nm plete 98%+ 2% magneto-optical TE-TM mode conversion

FIG. 3. TM—TE mode conversion ratio as a function of wavelength mea-@nd a high magneto-optical figure-of-merit of 200 deg/dB/kG
sured atH=5 kG. at\ =730 nm. It was found that graded refractive index lay-
ers are very effective to increase mode conversion ratio. This

result is an important step to achieve a monolithic integration

wavelength. The Faraday rotation exponentially INCreases as optical isolators and circulators with other semiconductor-
wavelength approaches the band gap of the waveguide CO[ sed optoelectronic devices

layer. Such dependence is common for diluted magnetic
semiconductor$?*® The mode mismatch has a minimum at  Support by New Energy and Industrial Technology De-
A=730 nm. For a given difference of Mn concentration be-velopment OrganizatiodNEDO) and MEXT is gratefully
tween the core and cladding layers of the,CdMn,Te  acknowledged.
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