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Phase-Matched Magnetization-Induced
Second-Harmonic Generation in
Y ttrium—Iron—Garnet Magnetophotonic Crystals

Andrey A. Fedyanin, Oleg A. Aktsipetrov, Daisuke Kobayashi, Kazuhiro Nishimura, Hironaga Uchida, and
Mitsuteru Inoue

Abstract—Magnetization-induced second-harmonic gener-
ation (MSHG) is studied in one-dimensional magnetophotonic
crystals formed from a stack of ferromagnetic Bi-substituted
yttrium—iron—garnet layers alternating with dielectric films. The
resonance enhancement of reflected MSHG due to the phase-mis-
match compensation is observed for longitudinal dc-magnetic-field
application if the fundamental radiation is tuned across the pho-
tonic band gap edge. The high-contrast magnetization-induced
variations in the second-harmonic intensity are obtained in
transversal configuration of the nonlinear magnetooptical Kerr
effect.

Index Terms—Magnetooptic devices, magnetophotonic crystals,
optical propagation in nonlinear media.

NE OF THE prospective applications of photonic crys-

tals—the microstructures with the periodic modulation of
the refractive index in one or several directions and possessing
photonic band gap (PBG) [1], is their use for enhancement of the
nonlinear-optical effects such as second-harmonic generation
(SHG). The optical wave, which has the wave-vector component
parallel to the periodicity direction nearby the PBG edge, pos-
sesses specific dispersion properties—anomalously small group
velocity or the singularity in the photonic density of states [2].
This allows effective fulfillment of the phase-matching condi-
tions for SHG in case as the fundamental or second-harmonic
(SH) wave is tuned near the PBG edge. The use of one-dimen-
sional (1D) photonic crystals—distributed Bragg reflectors, for
the SHG phase matching has been proposed in [3]. Later on, the
SHG enhancement at the PBG edge has been observed in Bragg
reflectors formed from GaAs—AlGaAs [4], AlAs—AlGaAs [5],
and ZnS-SrF, [6] layers, or alternating layers of porous sil-
icon with different porosity [7]. Advantages of photonic crystals
for applications can be expanded greatly by using magnetopho-
tonic crystals (MPC), in which one or several layers of photonic
crystal are formed from magnetic materials. MPC yield a mech-
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anism for molding the flow of light flexible under external con-
trol impacts such as dc-magnetic field. MPC with the single
magnetic layer squeezed between two high-finesse Bragg re-
flectors have been designed recently [8]. Such MPC act as mag-
netic photonic-crystal microcavities and have a resonant optical
transition—microcavity mode, located in the PBG. Spatial lo-
calization of the optical wave resonant to the microcavity mode
leads to the Faraday effect enhancement observed in MPC with
the magnetic garnet [8] and Co-ferrite [9] spacers.

In magnetic noncentrosymmetric materials, the quadratic op-
tical susceptibility tensor x(?) becomes a function of the mag-
netization vector M. Nonlinear quadratic polarization contains
two electric-dipole contributions. One of them is magnetiza-
tion-induced term and leads to magnetization-induced second-
harmonic generation (MSHG) [10]. Another term is indepen-
dent on M and induces nonmagnetic SHG. Due to localization
of the resonant fundamental radiation in the garnet spacer of
MPC, the absolute values of both nonmagnetic and magneti-
zation-induced SHG components are enhanced manyfold. This
allowed the observation of the polar nonlinear magnetooptical
Kerr effect in magnetophotonic crystals [11] manifested itself
in magnetization-induced rotation of the SH wave polarization.
In that case, MSHG came from the half-wavelength-thick mag-
netic spacer only. Enhancement of MSHG is expected also in
MPC formed from numerous magnetic layers due to the phase-
mismatch compensation at the PBG edge. However, the fabri-
cation of Bragg reflectors with several magnetic layers remains
the principle technological difficulty.

In this paper, the fabrication of magnetophotonic crys-
tals formed from alternating layers of Bi-substituted
yttrium—iron—garnet and silicon oxide is reported. The
solely MSHG component of the SH field is detected in the
longitudinal dc-magnetic-field application utilizing specific
symmetry properties of the x(?) tensor. Its intensity is enhanced
if the fundamental radiation is tuned across the PBG edge. The
enhancement originates from the effective fulfillment of the
phase matching conditions. The transversal nonlinear magne-
tooptical Kerr effect manifests itself in magnetization-induced
variations of the SH intensity, which are odd in magnetiza-
tion due to interference between magnetization-induced and
nonmagnetic components of the SH wave.

MPC are fabricated from four repeats of 3Ayc/4-thick
layers of Bi-substituted yttrium—-iron—garnet (Bi:YIG),
Bi; 0Y2.0Fe50,, and Ayic/4-thick SiO. layers, where Ayic
denotes the PBG center at the normal incidence. MPC with
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Fig. 1. FESEM image of the 1D-MPC with four Bi:YIG layers. Light strips
correspond to magnetic garnet layers.

Avc 2~ 950 nm are grown on a fused quartz substrate by RF
sputtering of corresponding targets in the Ar™ atmosphere
with pressure of 6 mTorr. After evaporation of each successive
Bi:YIG layer, the sample is removed from sputtering chamber
and annealed in air at 700 °C for 20 min for residual oxidation
and crystallization of Bi:YIG film. The MPC cleavage image
obtained in the field-emission scanning electron microscope
(FESEM) is shown in Fig. 1. High lateral periodicity and
sharp interfaces between magnetic garnet and dielectric layers
are seen. Small gradual increase of the upper garnet layers
thickness is apparently associated with different shrinkage of
garnet films during annealing and changes in sputtering rate
due to the change of substrate temperature during sputtering.
Ferromagnetic properties of MPC are studied in vibrating
sample magnetometer. Coercivity of MPC is approximately
30 Oe. Saturating magnetic field values slightly above 100 Oe
indicate the easy-magnetization axis aligned in the MPC plane.

Optical transmission spectrum of MPC is shown in Fig. 2.
Spectral region from 850 to 1100 nm with small transmission
indicates the photonic band gap with the smallest transmission
coefficient value of 0.12 reached at 965 nm. Outside the PBG,
optical spectrum has the interference fringes, where transmis-
sion increases up to 0.9. The spectrum of the Faraday rotation
angle 0 measured in crossed Glan-prizm polarizer and ana-
lyzer with cooled photomultiplier tube is shown in Fig. 2 also.
0 r is enhanced up to —0.8° at the long-wavelength edge of PBG
at 1100 nm. It corresponds to —0.75° / um, that is approximately
eight times larger than the relative Faraday rotation angle for the
single Bi: YIG film measured at this wavelength. Peaks of 6 i ob-
served also at 750 and 830 nm correlate with the transmission
spectrum maxima and ride on the monotonous f increase with
the wavelength decrease associated with Faraday rotation angle
spectrum of Bi:YIG. Faraday rotation is strongly suppressed in
the PBG.

The linear polarized output of a tunable ns-parametric gen-
erator/amplifier with wavelength ), from 730 to 1150 nm is
directed on the MPC at the 28° angle of incidence. The pulse
duration is approximately 2 ns and energy is below 5 mJ/pulse.
The SH radiation reflected from the MPC is selected by a se-
ries of glass filters and detected by a photomultiplier tube and
a boxcar. The SH intensity spectrum is normalized on the in-
tensity of the SH radiation reflected from the y-cut quartz plate
taking into account the laser fluence and the spectral sensitivity
of the optical detection system. The MSHG experiments are per-
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Fig. 2. Spectra of the transmittance (filled circles) and the Faraday rotation

angle (open circles) of MPC with four Bi:YIG layers and Ay ~ 950 nm
measured at the normal incidence.

formed in the presence of the saturating dc-magnetic-field with
the strength up to 2 kOe applied tangentially to the surface in
transversal and longitudinal configurations using a permanent
FeNdB magnet. The similar but weaker MSHG effects are ex-
pected in the absence of the external field due to remanence.

MSHG arises from quadratic nonlinear polarization Pgi) at
the double frequency of the fundamental radiation E,,, which is
given in the electric-dipole approximation as Pgi) =x® (M) :
E_E, . The dipole quadratic susceptibility tensor x(?)(M) can
be expanded into the series over M

x@ =x20 @D M4 xED MM 4.... (D)

Tensor x(2?) describes the nonmagnetic crystallographic
contribution to x(?), pseudotensor x(>1) governs the magnetic
contribution, which is odd in magnetization, and tensor (%2
is responsible for the magnetization-induced term even in
M. Since SiOq layers are centrosymmetric, dipole nonlinear
sources are supposed to be localized in the magnetic Bi:YIG
layers, which are considered as films isotropic in the surface
plane. In the frame with the 2z axis being the film normal and
2 being the plane of incidence, x(>% has three nonequivalent
elements, X-.2, Xzze = Xzoyy» A0 Xazz = Xyy=» While x>V
has six nonequivalent elements [12]: X..v = —XyzzX,
XzzzY = “XzyzX> XyzzZ = ~XzxyzZ> XyyyX = ~—XzzzY>
XyzyY = —XzayX> XaeyyY = —XyzaX. Where the capital
subscript corresponds to the M component.

The nonmagnetic (crystallographic) SH field £’ induced
by the X9 tensor is equal to zero in the p-in, s-out polariza-
tion combination. Thus in longitudinal configuration, as M =
(Mx,0,0), the SH intensity is entirely associated with the mag-
netization-induced SH field E2/ induced by X yz.x and xy--x
components of the (> tensor. Fig. 3 shows the spectrum of
the SH intensity measured in the p-in, s-out polarization com-
bination. Spectrum demonstrates the resonant enhancement at
Aw =~ 1055 nm. The spectral position of the peak correlates
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Fig. 3. Intensity spectrum of the SH wave reflected from MPC in the
p-in, s-out polarization combination and in longitudinal configuration of the
dc-magnetic field application.
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Fig. 4. SHG spectra of MPC in the p-in, p-out polarization combination and
in transversal magnetic-field configuration measured for opposite directions of
the dc-magnetic field, open and filled circles, respectively.

with the long-wavelength PBG edge, which is blue-shifted due
to oblique angles of incidence. The MSHG enhancement is in-
terpreted as a result of the phase matching at the PBG edge. In-
verting the magnetic field direction does not change the value of
the SH intensity that also proves the absence of the EY M field.
This is in contrast to the p-in, p-out polarization combination. In
transversal configuration, as M = (0, My, 0), the nonmagnetic
SH field Eé‘;ﬂ/[ , which is induced by X..., Xzzz, and Xz €le-
ments of the X(z,o) tensor, interferes with the magnetization-in-
duced SH field E) exp(ipys) generated by Xa2-v > Xzx2v > and
Xazz2y components of the x(2'*) pseudotensor. The SH intensity
contains the cross-term 2 EYM EM cos ), changing the sign
upon inverting the magnetic field direction. This term shows
the internal homodyne effect in MSHG and leads to variations
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of the SH intensity, which are linear in M and depends on
the relative phase o), between EYM and EJL. Fig. 4 shows
the SHG spectra measured for two directions of saturated mag-
netic field in transversal configuration. The SH intensity is en-
hanced manyfold in the vicinity of 1050 nm corresponding to
the phase-matched conditions for SHG at the long-wavelength
PBG edge of MPC. Inverting the magnetic field direction varies
the SH intensity approximately by a factor of seven at A, ~
1055 nm that indicates the noticeable interference between the
E}NM and E)! fields. At A\, ~ 1025 nm the SH intensity for
one of the magnetic field direction is close to zero. It means that
the contrast of the magnetization-induced variations in the SH
intensity is close to unit, which the upper limit for the SHG mag-
netic contrast.

In conclusion, magnetization-induced second-harmonic gen-
eration reveals the intensity enhancement by a factor of more
than 10? if the fundamental radiation is tuned across the pho-
tonic band gap edge of 1D magnetophotonic crystals consisted
of stack of magnetic garnet layers. The enhancement is a mani-
festation of the phase matching for MSHG fulfilled at the PBG
edge of magnetophotonic crystals.
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