Chapter 8
Nonlinear Magneto-Optics in Magnetophotonic
Crystals
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and Tatyana V. Murzina

Abstract The chapter surveys the results on the investigation of the nonlinear
magneto-optical properties of magnetophotonic crystals (MPC) and microcavities.
The effects of the second- and third-harmonics generation as well as nonlinear
magneto-optical Faraday and Kerr effects are reviewed. The main magnetic ma-
terial used in the MPC structures, which determines the magneto-optical activity of
the magnetophotonic structures, is yttrium—iron garnet (YIG), which appears as a
continuous layer in 1D MPC, microcavity layer in magnetophotonic microcavities
or YIG nanoparticles incorporated in artificial opal structure. We demonstrate that
many-fold amplification of the nonlinear magneto-optical effects is attained within
the spectral edge of the photonic band gap and within the microcavity mode as
compared to linear magneto-optical analogs. Strong light localization as well as the
realization of the phase matching conditions are discussed as possible mechanisms
of the observed enhancement of the nonlinear magneto-optical effects.

8.1 Introduction: Nonlinear Optics and Magneto-Optics
in Photonic Band-Gap Materials

Magnetic photonic band-gap materials that are spatially periodic structures com-
posed (at least partially) of magnetic materials, are a subject of high interest due
to their unique optical and magneto-optical properties absent for bulk materials of
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the same composition. These properties originate from the modification of the opti-
cal spectra of magnetophotonic crystals (MPC) that leads to the appearance of the
photonic band gap and/or magnetophotonic microcavity (MMC) mode and to the
corresponding strong changes in the light localization and dispersion. These effects,
in turn, can modify drastically the spectral efficiency of optical and nonlinear optical
processes.

In this chapter we mostly review the results of our recent studies of optical
second- and third harmonics generation in garnet-based one-dimensional MPC and
MMC, as well as in YIG-substituted artificial opals. In what follows we will demon-
strate that such structures reveal many-fold amplification of the linear magneto-
optical Faraday and Kerr effects as well as the second- and third-order nonlin-
ear optical and magnetization-induced effects. These properties are very attractive
for magnetic-field operation over the light flow in such structures, including that
based on the nonlinear optical effects. In the latter case, in spite of a relative com-
plicity of the nonlinear optical technique, enormously large values of the nonlin-
ear magneto-optical effects (i.e. magnetization-induced rotation of the polarization
plane or changes in the harmonics’ phase and intensity) can be of practical interest
as they combine high nonlinearity, photonic band gap (PBG) and magnetic proper-
ties of magnetophotonic crystals.

In order to increase an intrinsically weak efficiency of the nonlinear optical pro-
cesses of the materials that constitute photonic crystals (PC), the following approach
can be realized in case of MPC, namely, the possibility to fulfill the phase match-
ing conditions in spatially periodic media. This phenomenon was pointed out by
N. Bloembergen [1, 2]. As it is well known, for the case of second-harmonic gen-
eration (SHG) the phase matching conditions that provide the maximal efficiency
of this nonlinear process can be written as k., = 2k, + A2k, where k,, and ky,, are
the fundamental and SHG wave vectors and Ak is the phase mismatch that appears
due to the dispersion of PC constituting materials. Similar conditions for the case of
third-harmonic generation (THG) looks like k3, = 3k, + Aszk. In real anisotropic
crystals the phase mismatch Ak can be compensated by the differences in the phase
velocities of 0 and e waves of the corresponding wavelength. On the contrary, the
condition Ak =0 in a PC can be realized for the pump and harmonics waves of
the same polarizations due to the modification of the PC dispersion in the spec-
tral vicinity of the PBG edge. In that case the phase mismatch at the fundamental
and harmonics wavelength can be compensated due to the appearance of the recip-
rocal lattice vector, G, so that Ak = ko, — 2k, + G = 0. Such an enhancement
of the nonlinear optical effects in non-magnetic PC was observed in a number of
papers [3-5].

One more mechanism of the enhancement of the nonlinear optical effects is at-
tributed to a strong spatial light localization in PBG structures—photonic crystals
and photonic microcavities. In the latter case a many-fold enhancement of the local
optical field resonant with the microcavity mode is attained due to the multiple in-
terference and multipass character of light propagation within the MC layer. For the
case of PC structures, an increase of the local density of states is realized because of
the Bloch nature of the electromagnetic waves in PC. The mentioned above effects
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of the amplification of the local optical fields in spatially periodic structures were
realized in the reviewed works for the case of magnetophotonic structures so that
a significant amplification of the nonlinear-optical magnetic effects were observed
[33-36].

8.2 Nonlinear Magneto-Optics: Background

Nonlinear optics describes the interaction of intense light with a matter when the ef-
ficiency of the nonlinear-optical effects (harmonics generation, self-action of light,
optical rectification and Kerr effect, CARS and many others) is a nonlinear function
of the fundamental beam intensity. The variety of nonlinear optical phenomena is
enlarged further in the case of magnetic structures, where additional symmetry op-
erations can lead to the appearance of new effects in the nonlinear-optical response.

In centrosymmetric materials the magnetization vector does not break the in-
version symmetry due to its axial nature. Thus even-order nonlinear-optical effects
(like optical second harmonic generation), including nonlinear magneto-optical
ones (like magnetization-induced SHG (MSGH)), require the lack of the inversion
symmetry within the electric-dipole approximation. On the contrary, magnetization-
induced effects in third-harmonic generation (MTHG) can be observed in materials
of any symmetry. The electromagnetic fields at the double and triple frequencies of
the fundamental radiation are induced by the quadratic and cubic nonlinear polar-
izations, P®® (2w) and P® (3w), which are written (in the electric-dipole approxi-
mation) as follows:

P?2w) = x P (M) : E,E,, (8.1)

PP (Bw) = x P M) :E,E,E,, (8.2)

where E,, is the fundamental field amplitude, x® and x are the quadratic and
cubic electric-dipole susceptibility tensors of a magnetic material (i.e. garnets in our
case) that forms the MPC and MMC structures. Hereafter the influence of the do-
main walls is neglected since all the presented effects in MSHG and MTHG are ob-
served using saturating dc-magnetic fields providing a single-domain state of mag-
netic garnet films. The dependence of x® and x @ tensors on the magnetization
vector M can be written as a sum of three terms:

xPM) = x30 4 5y @D M4 2P MM, (8.3)
x O =30 4+ xCD M4 2 MM (84)

The tensors x >? and x @9 describe the non-magnetic (crystallographic) contribu-
tions to x® and x®, respectively, while the axial tensors (or pseudotensors) x 1)
and x 31 induce the MSHG and MTHG contributions in P®)(2w) and P® (3w),
which are odd in the magnetization. The tensors x *? and x 3 are responsible
for the MSHG and MTHG terms that are even in M. Non-zero tensor elements can
be found when using the invariance of the susceptibility tensors under the symme-
try operations valid for a particular point symmetry group of a material. Here we
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necessarily have to take into account different transformation matrices for the polar
and axial frames.

Yttrium—iron garnet possesses the inversion symmetry, however, thin garnet
films, both epitaxial and polycrystalline, are often noncentrosymmetric. Lowering
of the symmetry of initially centrosymmetric garnet lattice was concluded by obser-
vation of the magnetoelectrical effect linear in the electric field, which requires the
medium with the broken inversion symmetry [11]. The lattice deformation and the
variation of the lattice parameters of the polycrystalline yttrium-garnet films due to
the formation of oxygen vacancies is directly obtained from X-ray diffraction anal-
ysis [12]. Numerous SHG studies in magnetic garnet films also allow breaking the
YIG inversion symmetry. For example, enhancement of quadratic susceptibility of
Bi-substituted YIG (Bi:YIG) films films in comparison with undoped YIG film was
directly observed in reflected [13] and transmitted [14] SHG. Temperature variations
of the SHG response are observed in Bi-doped garnet films grown on gadolinium-
gallium garnet substrates [15, 16]. The thickness dependence of the SHG intensity
from Bi:YIG films is reported in Ref. [17].

The inversion symmetry of thin Bi:YIG films is lifted since the film plane be-
comes mirror plane no more. Such a growth-induced film anisotropy is more likely
attributed to the local distortion of the garnet cell by bismuth atoms and their or-
dering on nonequivalent crystallographic sites during the film growth [15]. Another
source of an enhanced quadratic susceptibility of Bi:YIG films is proposed to be the
lattice misfit strain in the deformed garnet layer near the substrate [12, 18] forming
a polar axis along the film normal. Both mechanisms can be responsible for the in-
version symmetry breaking in Bi:YIG layers in the studied MPCs and MMCs. As
the garnet films used are heavily doped by bismuth atoms (one Bi atom per two Y
atoms), thus large distortions in the dodecahedral rare-earth-ions sublattice of the
garnet crystal cell are expected. Polar axis along the Bi: YIG film normal can be also
yielded by the film sputtering on the fused quartz substrate or amorphous silicon
dioxide layers and the subsequent high temperature annealing of the Bi:YIG layer
with two nonequivalent, garnet—air and garnet—silicon dioxide, interfaces. Mean-
while, the description of microscopic mechanisms of the inversion symmetry break-
ing in Bi: YIG films remains incomplete.

We use a macroscopic description of the electric-dipole SHG sources in garnet
films, which deals with appropriate symmetry elements related to the whole gar-
net film. Bi:YIG films are treated as layers possessing com symmetry group with
mirror planes perpendicular to the film plane. We will consider a Cartesian frame
ey, ey, e; with the xy plane perpendicular to the symmetry planes m; so that the
xy plane is the film surface and the xz plane denotes the plane of incidence. The

non-zero elements of the y>! and x 3 tensors describing the magnetization-
induced quadratic and cubic polarizations, Pi(z)’M = Xi(jzlé lL) E ;" EPM/ and Pl.(3)’M =

Xi<,'31é111)\/ Ej"E,‘("El‘”M ~, are shown in Table 8.1. For comparison, the non-zero ele-

ments of the x> and x9 tensors that define the non-magnetic component

pONM (2,0

of the quadratic and cubic polarizations, P, = Xijx )EJ“’E,’{“ and Pl.(3)’N M _
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Table 8.1 Non-zero elements of xi(f,i), Xi(/Slélll)v’ Xi(jzléo), and xi(;;? tensors for the com symme-

try group divided into the magnetization vector components (columns) and polarization combina-
tions of the fundamental and harmonic waves (rows). My, My and My relate to the longitudinal,
transversal and polar nonlinear magneto-optical Kerr effect (NOMOKE) configurations. x 1 de-
notes the columns containing non-magnetic SHG and THG contributions. m indicates the mixed
polarization of the fundamental radiation, which is 45°-rotated relative to the s and p-polarizations.
Last two rows contain the non-zero tensor elements, which contribute in polarization combinations

)

with m-polarization only

THG SHG
XMy X My XMz x1 XMy X My XMz x1
s— s 0 0 0 Xyyyy XyyyX 0 0 0
s—>p XzyyyX 0 XxyyyZ 0 0 XxyyY 0 Xzyy
p—s XyxxzX» 0 XyxzzZ> 0 XyxxX» 0 XyxzZ
XyzzzX XyxxxZ XyzzX
p—>p 0 Xzxzz¥s 0 Xzzzzs 0 XxxxYs 0 Xzzzs
XxxxzYs Xxxxxs Xxzz¥> Xxzx»
XzxxxY» Xzxxz» XzxzY Xzxx
XxzzzY Xxxzz
m—S  XyyyzX XyxyzY XyxyyZ Xyxxy> 0 XyxyY 0 Xyzy
Xyyzz
m—p  XzxxyXs XzxyyYs XxyzzZ>» Xxxyys XzyzXs 0 XxyzZ 0
XxyzzX» XxyyzY XxxxyZ Xzyyz XxyxX
XxxyzX

Xi(;k’?) E;" EPEP, are presented as well. The tensor elements are divided into differ-

ent columns in accordance with the magnetization direction and combinations of
polarization of the fundamental and harmonics’ waves.

In transparent materials, the elements x >? and x®? tensor elements are real
values, while x®1 and x 31 tensor components are imaginary. Interference be-
tween non-magnetic and magnetization-induced components of the second har-
monic (SH) and third harmonic (TH) fields which leads to the observation of odd in
the magnetization effects in the SHG and THG intensity, requires absorption. This
is the case of Bi: YIG films, which reveal the absorption band above 500-550 nm de-
pending on the Bi content [19]. Bi:YIG films transparency in the red and IR regions
allows the high contrast multiple interference of the fundamental radiation resulting
in pronounced photonic band gap effects and fundamental field localization at the
microcavity mode.

One more but equivalent approach for the description of nonlinear magneto-
optical effects is based on another form of phenomenological description of the
magnetization-induced nonlinear-optical susceptibility tensor. The general expres-
sion for the nonlinear polarization is as written in (8.1), while the second- and third-
order susceptibility tensors are divided into odd and even in M parts,

xP M) = ) M) £ PN WD, 8.5)
xP M) = xOven v £ x P04 (£m, (8.6)

where even in M susceptibility components include both the crystallographic and
even (quadratic) in magnetization effects. Such a description was first developed in
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Ref. [7] for the surfaces of a cubic crystal of different crystallographic orientations.
Such formulas do not require to justify the expansion of the nonlinear polarization
in powers of M and to estimate the corresponding small parameter.

It should be noted that non-zero tensor elements summarized in Table 8.1 or in
more detail in Ref. [7] reveal the symmetry of magnetization-induced nonlinear-
optical response of the surface of an isotropic or cubic medium, which can be ap-
plied to the case of iron-garnet layers. At the same time, in case of MPC or MMC
the propagation effects of the fundamental and SHG waves within the YIG layers
determine the SHG efficiency and should be considered when analyzing the values
of the magnetization-induced SHG effects.

It stems from Table 8.1 that depending on the geometry of the application of the
dc-magnetic field, magnetization-induced rotation of the SHG polarization plane
(polar and longitudinal NOMOKE), or intensity and phase (transversal NOMOKE)
changes of the harmonics’ waves can be observed, similarly to the linear magneto-
optics. At the same time, there is a difference in the values of the linear- and nonlin-
ear magneto-optical effects (NOMOKE). In the latter case the intensity and polariza-
tion effects for typical ferromagnetic metals or dielectrics exceed magneto-optical
analogs by one-two orders of magnitude, which was shown both theoretically and
experimentally [6—10].

The wave equation for the fundamental, second and third harmonics can be writ-
ten as

e(jw) d* 1 a2

U o) = = 5 TP V50, 8.7)
where j =1, 2,3, e(jw) is the dielectric function at the corresponding frequency,
and second- and third-order nonlinear polarizations are the source terms. In the lin-
ear case (8.7) is homogeneous, and left- and right-circularly polarized waves are
its eigen solutions. Magneto-optical effects are governed in that case by the non-
diagonal components of ¢(w), or by the complex refractive indices for the circular
waves n4. For the harmonics’ generation not only the n4 at the SHG and THG
wavelengths rule out the magnetic field induced effects, but X(2’3)°dd (M) as well,
which are present in the right-hand part of (8.7) and that are comparable in value
with the even in magnetization terms, x >3¢'°" This additional magnetic-field in-
duced material susceptibility is mostly responsible for large values of NOMOKE.

In what follows we will mostly describe the transversal NOMOKE, i.e. magnetic-
field induced changes in the SHG(THG) intensity. As a measure of this effect the
SHG(THG) magnetic contrast is introduced as

IZw,3w(+) - I2w,3w(_)
Do 30(H) + Do 3o(—)

where the signs + and — denote the direction of the transversal dc-magnetic field.
Taking into account that the susceptibility terms x (>3¢ve and x (>3)0dd (M) are the
sources of the corresponding SHG(THG) fields EQQw, 3w), the total field at the
second- and third-harmonics wavelengths is expressed by the vector sum

E(jw) +

Pw3w = (88)

12w, 3w) = |[ES" 2w, 30) + E°¥ 0, 30) [, (8.9)
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Thus in the assumption of a small value of odd in M component of the SHG (THG)
fields one can obtain the expression for the magnetic contrast

E*Y4 (20, 3w)

mcos @, (810)

Q2w,3w ~
where ¢ is the phase shift between E° and E€'°". Thus both the relative value
E°(20, 3w)/ EV*" 2w, 3w) as well as ¢ determine the magnetic contrast that is
measured experimentally. The latter quantity can be estimated experimentally from
the SHG(THG) interferometry measurements.

8.3 Samples and Set-Ups

Magnetophotonic microcavities are formed from two dielectric Bragg reflectors and
a ferrimagnetic cavity spacer. Reflectors consist of five pairs of alternating quarter-
wavelength-thick SiO, and TayOs layers. The cavity spacer is a Bi-substituted
yttrium—iron-garnet layer, Bij oY,FesO,. The spacer optical thickness is a half of
wavelength. MMCs are grown on a glass substrate by the RF sputtering of corre-
sponding targets in Ar™ atmosphere with the sputtering pressure of 6 mTorr. Before
fabrication of the top Bragg reflector, the sample is annealed in air at 700 °C for
20 minutes for the residual oxidation and crystallization of the Bi:YIG spacer. The
MMC samples have Apc =~ 900 nm and Apc =~ 1115 nm that correspond to the
Bi:YIG spacer thickness of approximately 195 nm and 245 nm, respectively. Here-
after Apc denotes the spectral position of the microcavity mode at normal incidence
and determine the optical thickness of layers in MMC. For magnetophotonic crys-
tals Apmc is replaced by Apc which is related to the PBG center of the MPC at normal
incidence.

The fabrication procedure [20] of 1D magnetophotonic crystals consists of suc-
cessive rf-sputtering of SiO, and Bi:YIG from the corresponding targets in Ar™
atmosphere with the residual pressure of 6 mTorr onto a 2.5 mm thick fused quartz
substrate. The latter was initially optically polished with residual roughness below
5 nm to increase the interface quality of the MPC layers. Substrate temperature is
kept at 140 °C at all sputtering stages to avoid the temperature-induced drift of the
sputtering rate. After evaporation of each successive garnet layer, the MPC is re-
moved from the sputtering machine and annealed in air at 700 °C for 20 minutes.
The oxygen access during annealing is necessary for oxidation and crystallization
of initially amorphous garnet films that are responsible for the ferrimagnetic state of
MPC constituting garnet films.

Cleavage of MMCs and MPCs is studied using field-emission scanning electron
microscope (FESEM). The FESEM images are shown in Fig. 8.1. Abrupt interfaces
between magnetic garnet and dielectric layers as well as a reproducible layer thick-
ness in all repeats can be seen. The layer-by-layer thickness deviation is estimated to
be below 2 percents. The SiO; layers of the thickness of d; ~ (134 4 5) nm alternate
the Bi: YIG layers of d» >~ (87 & 3) nm thick. The layers’ thickness is kept constant
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along the sample with the lateral corrugation in thickness being below 5 nm/um. The
atomic-force microscope (AFM) image of surface of the uppermost garnet layer of
MPC showed that Bi: YIG layers are formed from columnar microcrystals with the
lateral size ranging from 1 to 2 um. The surface roughness is estimated to be approx-
imately 2 nm everywhere at the garnet microcrystallite surface but at the boundaries
where it is increased up to 5 nm.

Small gradual increase of the upper garnet layers thickness in MPCs 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. Hys-
teresis loops measured in vibrating sample magnetometer are shown in Fig. 8.2 and
demonstrate that the coercivity of MPCs and MMCs is approximately 30 Oe for the
longitudinal magnetic field. Saturating field which is slightly above 100 Oe indicates
that the easy-magnetization axis is aligned along the Bi:YIG surfaces as expected
for thin ferromagnetic films.

Spectroscopy of microcavities and one-dimensional photonic crystals implies the
tuning the wave-vector component k, parallel to the periodicity direction. Two con-
figurations of the nonlinear spectroscopy are used in the study. In the first one, the
fundamental radiation wavelength A, is tuned at the fixed angle of incidence 6 and
is named below as spectroscopy in the frequency domain. The output of a nanosec-
ond OPO laser system tunable from 720 nm to 1000 nm is used as the fundamental
radiation. The laser energy is approximately 10 mJ per pulse, pulse width is below

2 ns and the laser spot area is below 0.5 mm?.
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Fig. 8.2 Magnetization curve 1.5
of a 1ID-MPC
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The case of the fixed fundamental radiation and tuning angle of incidence is
named angular spectroscopy, or spectroscopy in the wave-vector domain. In that
case, the output of a nanosecond YAG laser at the wavelength of 1064 nm is used.
The energy of the fundamental beam is below 10 mJ per pulse, pulse width is ap-
proximately 15 ns and the laser spot area is about 1.0 mm?. The radiation at the SH
or TH wavelength is selected by an appropriate set of filters and detected by a pho-
tomultiplier tube. The SH intensity spectrum acquired in the frequency domain is
normalized over the spectral sensitivity of the detection system and the tuning OPO
curve using a SH intensity reference channel operating with a wedged z-cut quartz
plate and with the detection system identical to the one in the sample channel.

The saturating dc-magnetic field of the strength up to 2 kOe providing the
single-domain state is applied to the samples for the longitudinal and transversal
NOMOKE, or along the normal to the samples for the polar NOMOKE using per-
manent FeNdB magnets. The schematic view of the experimental laser set-up along
with the SHG interferometry scheme are shown in Fig. 8.3.

8.4 Optical and Magneto-Optical Spectra of Magnetophotonic
Crystals and Microcavities

8.4.1 Faraday Effect Enhancement Induced by Multiple
Interference

Figure 8.4 shows the transmission spectrum of MMC with Apc =~ 900 nm. Low
transmission is observed in the spectral region from 750 to 1000 nm, where the
transmittance is decreased down to 1073, This corresponds to the photonic band
gap of the structure. The PBG spectral width and the value of attenuation in the
PBG are determined by the number of repeats and the refractive index difference in
the Si0,/TayO5 Bragg reflectors. A peak in the transmittance spectrum observed at
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Fig. 8.3 Scheme of the experimental set-up for the SHG spectroscopy in magnetophotonic struc-
tures. Callout in the figure: the scheme of the SHG interferometry

Fig. 8.4 Spectra of 1.0
transmittance (filled circles, Jdoo
left scale) and the Faraday '
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910 nm is attributed to the microcavity mode. The quality factor of MMC is Q,, =
Ao/ Al =~ 75 where )¢ is the resonant wavelength and AXg is the full width at
half-magnitude. The spectrum of the Faraday rotation angle g measured in crossed
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Fig. 8.5 Spectra of 1.0
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Glan-prizm polarizer and analyzer is also shown in Fig. 8.4. The 6 spectrum has
a peak at the MMC mode, where G is enhanced up to —1.5°. It corresponds to
an effective value of —7.7°/um, which is approximately 50 times larger than the
Faraday rotation angle for a single Bi:YIG film of the same thickness deposited
directly on the substrate and measured at this wavelength.

Optical transmission spectrum of MPC is shown in Fig. 8.5. The spectral region
from 850 to 1100 nm with a small transmittance indicates the existence of photonic
band gap. The smallest transmittance value is reached at A, >~ 965 nm and is ap-
proximately 0.10. Outside the PBG, optical spectrum demonstrates the interference
fringes, where transmittance is increased up to 0.9. 6g is enhanced up to —0.8° at
the long-wavelength edge of PBG at 1100 nm. It corresponds to an effective value
of —0.75°/um, which is approximately 8 times larger than the Faraday rotation an-
gle for the single Bi:YIG film at this wavelength. For the wavelengths tuned inside
the PBG, Faraday rotation is strongly suppressed. The spectral position of the peaks
of Or at 750 nm and 830 nm correlate with the transmission spectrum maxima and
ride on the monotonous 6 increase with the wavelength decrease associated with
the Faraday rotation spectrum of Bi: YIG.

The four-by-four matrix technique is utilized for the Faraday effect calculation.
The optical field inside each layer is given as a sum of four normal modes: right and
left circular polarized waves for both propagation directions. Then a set of four-by-
four matrices is calculated: each matrix corresponds to each layer of the structure
and determines the values of optical field on the layer boundaries. Multiplying all the
matrices one can obtain the matrix characterizing reflectance and transmittance of
the whole structure. Among the reflection and transmittance, Faraday angle and spa-
tial optical field distribution in the structure are calculated. The same approach can
be also applied for calculating the transversal Kerr effect spectra in 1ID-MPCs [21].

For the calculation, the considered model of MMC consists of two Bragg reflec-
tors and a magnetic Bi: YIG MC layer squeezed between them. Each Bragg reflector
has five pairs of alternating A /4-thick magnetic Bi: YIG and non-magnetic SiO» lay-
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Fig. 8.6 Set of optical (a) and magneto-optical (b) spectra vs. thickness of the MMC cavity spacer.
Transmittance and Faraday angle are shown by gray scale on the patterned plot. Right plots show
the optical (a) and magneto-optical (b) spectra for MPC and 3\ /4-MMC structures

ers. The refractive indices are supposed to be ng;.yig = 2.6 and nsio, = 1.45. The
gyration vector is assumed to be gg;i.yig = 0.0054 which is close to the experimen-
tal values. Optical thickness of the cavity spacer, A, is varied from A /4 to 31 /4. The
A/2-thick cavity spacer corresponds to the MMC with the microcavity mode cen-
tered at the wavelength A that coincides with the PBG center. The A /4-thick spacer
corresponds to the MPC with no microcavity mode. For A = 31 /4, the microcav-
ity mode is almost degenerated into a long-wavelength PBG edge, such a structure
is called 31 /4-MMC. The transmittance (a) and Faraday angle (b) spectral depen-
dences as functions of the spacer thickness are shown in Fig. 8.6 in the patterned
plot. Right plots in Fig. 8.6 represent optical (a) and magneto-optical (b) spectra for
MPC and 31/4-MMC, labeled MPC and MMC, respectively.

White areas in the patterned plot in Fig. 8.6(a) correspond to the transmittance
maxima. Black area in the patterned plot in Fig. 8.6(a) for the wavelengths from 800
to 1200 nm corresponds to the PBG, white curve across the PBG shows the thick-
ness dependence of the microcavity mode, white areas at the PBG edges reveal the
transmittance maxima. White area in the patterned plot in Fig. 8.6(b) shows a strong
suppression of the Faraday effect at the wavelengths corresponding to the PBG. It
can be seen that the Faraday angle 6 is enhanced drastically at the microcavity
mode. For A = A/4 and A =3X/4, 6 is enhanced at the PBG edges, especially at
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Fig. 8.7 (a) Band structures of 1D MPC for w(k; ) (solid line) and w (kg) (dashed line) calculated
for normal incidence at the 1D MPC consisted of layers of non-magnetic material with dielectric
constant of 1 = 2.1 and magnetic one with diagonal component of dielectric constant of &, =5.6.
(b) The same for ey = 5.6 and &, = 2.1

the long-wavelength one at 1200 and 1150 nm, respectively, as is indicated in the
figure by black arrows.

The spectral positions of the Faraday rotation maxima are correlated with the
transmittance maxima. The calculations show the absence of the ellipticity of the
transmitted light polarization at the maximum of 6g. It means that MPC and 3 /4-
MMC give an opportunity to rotate efficiently the polarization plane without distor-
tion and weakening the transmitted light. The 6r enhancement in the 3A /4-MMC is
nearly 3 times higher than the same in the MPC and reaches the values up to —16°
at the wavelength of 1150 nm corresponding to the long-wavelength PBG-edge.

8.4.2 Nonlinear Verdet Law in Magnetophotonic Crystals

The Faraday effect originates from different phase velocities for the right- and left-
circular polarized waves traveling inside a magnetic medium. Taking into consider-
ation the band structure of a photonic crystal, this approach can be extended on the
Faraday effect in multilayered photonic structures. Figure 8.7 shows the dispersion
relations w(ky) and w(kg) calculated for the left- and right-circularly polarized
(RCP and LCP) optical waves propagating in MPC formed from a stack of mag-
netic and non-magnetic quarter-wavelength-thick layers. The main differences of
dispersion properties for the normal modes and consequently for Faraday rotation
are achieved at the photonic-band-gap edges. In the case of magnetic layers with
higher refractive index, which corresponds to the experimental materials, Faraday
effect is predicted at the long-wavelength PBG edge (Fig. 8.7(a)). In the opposite
case (magnetic layers possess lower refractive index) short wavelength PBG edge
exhibits an enhancement of the Faraday effect (Fig. 8.7(b)) [23].

It is worth mentioning that the difference in the dispersion properties and phase
velocities of LCP and RCP waves in photonic crystals is accompanied by flattening
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Fig. 8.8 (a) The transmission spectrum of 1D MPC upon normal incidence (filled circles) and
its numerical approximation (gray curve). (b) Faraday rotation angle spectrum (open circles) and
its numerical approximation (gray curve), dashed curve is the interference-subtracted spectrum of
Faraday angle in homogeneous Bi:YIG slab of the same thickness. (c¢) Set of 6 spectral depen-
dencies vs. number of layers of MPC (3D plot) (numerical results). (d) Maximum 6 vs. number
of layers of MPC: calculated data and nonlinear fit

of the dispersion curves, resulting in the decrease of the group velocity of a wave
packet traveling through the photonic crystal. It is equal to the localization of the
electromagnetic field in different layers of MPC. A strong point lies in the fact
that the difference in the phase velocities at different PBG edges is correlated with
the optical field localization in magnetic and non-magnetic layers, correspondingly
[22, 23].

Optical and magneto-optical spectra of 1D MPC are shown in Figs. 8.8(a)
and (b). The spectral region from 725 to 1025 nm (where the transmission is strongly
suppressed) corresponds to the photonic band gap of MPC. The Faraday rotation an-
gle is also decreasing in this spectral region. Outside the PBG the transmission of the
MPC increases and shows interference fringes. The Faraday rotation angle 6 also
oscillates with the spectrum having a local maxima at 640 and 720 nm, which cor-
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relates well with the local transmission maxima. In can be seen that the largest en-
hancement of 6f is observed near 1070 nm that coincides with the long-wavelength
PBG edge.

The spectrum of the Faraday angle for a uniform slab of Bi:YIG with the thick-
ness of 520 nm corresponding to the total Bi: YIG thickness in MPC is calculated us-
ing the known spectra of the diagonal and off-diagonal components of the complex
dielectric function tensor of Bi:YIG with the same Bi concentration [19]. The 6
enhancement coefficient at the long-wavelength PBG edge reaches the value of 6.5
in comparison with a homogeneous Bi:YIG slab, while 6 increase at the short-
wavelength PBG edge appears to be 1.9 and 2.7 at the certain interference fringes.

Both experimental spectra are fitted simultaneously using the four-by-four ma-
trix technique with the spectral dependence of the refractive indices and absorption
coefficients taken into account [19]. Particular applications of the 4 x 4 matrix for-
malism for 1D MPC are discussed in detail in Refs. [24, 25]. Briefly, transmission
and polarization transformation of linearly polarized waves upon the propagation
through 1D MPC is governed by a set of transfer matrices M;; and @, accounting
the boundary conditions for the complex amplitudes of the left- and right-circular
polarized waves at the interface between ith and jth layers and their propagation
through particular jth layer, respectively. Therefore, the field Ey4 outgoing from
the 1D photonic crystal consisted of N layers is expressed for every wavelength A
as a result of tensorial multiplication of the incoming field Ey on series of transfer
matrices:

Eni1 =Mpyyi nPN - M 1@ 1M oEy. (8.11)

Vector-columns Ey 1 and Eg are formed by a set of complex amplitudes E of
normal modes, i.e. right- and left-circular polarized waves (indices r and [, respec-
tively):

Eo= (L, 1, Eyy1=(,0,0,0), (8.12)
where r,; and t,; are the amplitudes of the transmission and reflection coefficients
for the two circular polarizations, which can be obtained by solution of a corre-

sponding set of four algebraic equations. Optical properties of MPC are fully de-
rived from 7, ; and ¢, ;; for example, the Faraday rotation angle is given by

. —1
=1 t , 8.13
Op rn|:arc an(lr—i—lz)] (8.13)

while the real part of this expression characterizes the ellipticity n of transmitted
light. In this way, reflection and transmission coefficients are given by

R = (Iry +rl* +Iry = ri?) /4, (8.14)

T = (It + 1> + It — 1l*) /4. (8.15)

The enhancement is predicted and experimentally observed at the wavelength
tuned at the long-wavelength PBG edge at 1060 nm. The Faraday effect is 6.5

times enhanced in comparison with single Bi:YIG layer with the thickness equal
to the total thickness of the magnetic material in MPC. Experimental results are
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in good agreement with theoretical calculations. The correlation of 6r and trans-
mittance maxima opens up prospects for practical application of MPC in various
magneto-optical devices as it gives an opportunity to rotate polarization plane with-
out neither distortion nor weakening transmitted light. The calculations also show
that ellipticity of the transmitted light n achieves a minimum at the maximum
of 6.

An increase of the number of layers in MPC, N, leads to a better field localiza-
tion in MPC combined with the total magnetic material thickness increase. Such
combination is expected to result into specific thickness dependence 6p(N). Fig-
ure 8.8(c) shows a 3D-plot of thickness and spectral dependence 0 (A, N). Faraday
angle maxima are achieved at both PBG edges. However, for considered experimen-
tal situation as magnetic layers have larger refractive index, 6 enhancement at the
long-wavelength PBG edge is significantly larger than that at the short-wavelength
edge and shows a nonlinear dependence 6r(N) of maximum values achieved at
the wavelength tuned at the PBG edge (Fig. 8.8(d)). It can be interpreted as Verdet
rule violation. As has been mentioned above for the uniform media 6g(D) ~ D,
where D is magnetic material thickness. However, in the case of multilayered struc-
ture this rule is broken, MPC exhibits nonlinear 6g(D) ~ D? dependence. In con-
clusion combination of spatial optical field distribution with difference in phase
velocities of RCP in LCP is shown to be responsible for nonlinear dependence
of 6p(D) ~ D2.

Spectral dependences of spatial optical field distribution in the sample for the
A/4-MPC (a) and the 31 /4-MMC (b) are given in Fig. 8.9. In the case of the A /4-
MPC, the field is localized in all magnetic layers at the long-wavelength PBG edge
at approximately 1200 nm and the field amplitude in the central layer is 2.7 times
higher than that of the incident light. The 31 /4-MMC provides the better field local-
ization in all magnetic layers in comparison with the A /4-MPC, the field amplitude
in the microcavity spacer at the wavelength of 1150 nm is almost two times higher
than that in the A /4-MPC sample. The field localization in magnetic layers indicates
the constructive interference resulted in the Faraday effect enhancement and vividly
explains the @ enhancement at the PBG edge of A /4-MPC and 31/4-MMC.

The increase of number of layers in MPC leads to the enhancement of Faraday
rotation at the PBG edge by the combined effect of field localization and the in-
crease of magnetic material thickness. The enhancement up to 6 = 45° is expected
in 31/4-MMC consisting of about 20 pairs of layers. Therefore, Faraday rotation
angle in the finite MPCs appears to be a nonlinear function of the total thickness of
magnetic material in the stack that can be interpreted as the nonlinear Verdet law.
Relation between the enhancement of the Faraday rotation and localization of opti-
cal field in magnetic layers is treated as a Borrmann-type effect. This relation shows
that the Faraday rotation can be considered as a measure of the density of photonic
states trapped within Bi: YIG layers [22, 23].
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Fig. 8.9 Spectral dependence of spatial optical field distribution in A /4-MPC (a) and 31 /4-MMC
(b). Field amplitude is shown by gray scale on the patterned plot. White color corresponds to
the maxima of the field amplitude. Upper and right plots at each panel represent spatial field
distribution at the PBG edge and its spectrum in the central layer taken at cross sections marked by
white lines. Magnetic layers are labeled M and non-magnetic layers N

8.5 MSHG and MTHG in Magnetophotonic Microcavities and
Magnetophotonic Crystals

In this section, the results of the nonlinear magneto-optical Kerr effect in mag-
netic microcavities formed from dielectric Bragg reflectors and a magnetic garnet
spacer are discussed [26, 28-30, 35, 36]. Magnetization-induced variation of the
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SH intensity, rotation of the SH wave polarization, and the shift of the relative SH
phase are observed at the wavelength (angular) resonance of the fundamental ra-
diation with the microcavity mode. The symmetry properties of quadratic suscep-
tibility (pseudo)tensors allow the clear separation of the magneto-optical effects.
Namely, magnetization-induced changes in the SH intensity and relative phase are
observed in the transversal configuration, while the SH wave polarization rotation
is obtained in the longitudinal and polar configurations. Then, the mechanisms of
magnetization-induced variations in SH intensity in MPCs consisted of the stack
of Bi:YIG layers are discussed in terms of local field enhancement phase-matching
fulfillment [36]. Finally, the MTHG studies in magnetophotonic microcavities are
reviewed [36].

8.5.1 Transversal NOMOKE in MSHG: Intensity and Phase
Effects

Intensity effects in MSHG are demonstrated in Fig. 8.10 where the spectral de-
pendence of the SH intensity measured in the MMC with Apc =~ 900 nm is
shown [26, 36]. Dc-magnetic field is applied in the transversal configuration, i.e.
M = (0, My, 0).

The SH intensity is enhanced as the fundamental wave is tuned across the micro-
cavity mode. The ratio of the intensities for the opposite directions of the magnetic
field is almost two. Spectral dependence of the magnetic contrast in the SH inten-
sity, p = (I — 1-)/(I14+ + 1), where + and — denote the directions of the field,
is shown in the inset of Fig. 8.10. p reached values of 0.3 and appears to be inde-
pendent of spectrum. The inverting the magnetic-field direction varies only the SH
intensity and no spectral shifts of SHG resonances are observed.

Another experimental configuration is angular spectroscopy. Figure 8.11 shows
the SH intensity as a function of the angle of incidence measured in the MMC with
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Amc = 1115 nm in the transversal NOMOKE configuration. The inverting the mag-
netic field direction varies I»,, approximately by a factor of four. The angular spec-
trum of the SHG magnetic contrast shown in the inset of Fig. 8.11 is independent of
the angle of incidence and achieves values of 0.65.

Magnetization-induced changes of the relative phase of the SH wave are ob-
served using SHG interferometry [27]. The SHG interference patterns are obtained
by translating the SHG reference sample along the direction of the laser beam prop-
agation, so that the distance / between the reference and the MMC sample is varied.
The SHG reference sample is a 30 nm-thick indium tin oxide film deposited on
fused quartz plate. The total SH intensity, I, (I, M), is produced by the coherent
sum of the SH waves from the reference, ng, and the MMC sample, E;,,(M):

c 2
Do (1, M) = o |E, (1) + Ez (M)

=1, + hoM) + 20,/ I} 1, (M) cos(2mkl + @ (M), (8.16)

where k = 2An /Ay, with An = ny, — ny, describing air dispersion, @y is the phase
difference between the reference and sample SH waves, and o < 1 is the phe-
nomenological parameter accounting for both spatial and temporal coherence of
the laser pulses. Changing the magnetic field direction to the opposite one shifts the
SHG interference patterns by almost a half of a period. This indicates the shift of the
relative SH phase at approximately 180°. The angular dependence of the SH phase
shifts measured at the vicinity of the mode is shown in Fig. 8.12. The phase shifts
are slightly smaller than 180° and almost constant in 6.

The SH intensity variations which are odd in the magnetization are observed
only in the transversal NOMOKE configuration. In the p-in, p-out polarization
combination, the non-magnetic (crystallographic) SH field ENM is induced by x...,
Xzxx> and xxyx; elements of the X(2,0) tensor. The magnetization-induced SH field
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EMexp(igy) is generated by ...y, Xzxzv, and xxxy elements of the x>V ten-
sor and is shifted in phase by @) with respect to the ENM field. Interference
of the non-magnetic and magnetization-induced SH fields leads to the cross-term
+2ENMEM ¢o5 0y in the SH intensity. This term changes the sign upon the revers-
ing the magnetic-field direction and results in the SH intensity variations, which are
linear in M. The relative value of these variations depends on the phase shift ¢y,.
The constant value of p in the vicinity of the microcavity mode indicates that the
SH fields ENM and EM are enhanced similarly due to the fundamental field local-
ization. For the 1064-nm fundamental wavelength ¢, takes the values close to 0°
or to 180° for opposite directions of M. This is seen in phase measurements, where
the magnetization-induced shift of the relative SH phase is close to 180°. For small
refraction angle 6,, in the Bi:YIG layer and ¢); ~~ 0, the ratio between ENM and EM
can be estimated as

ENM/EM ~ 5 oy My /(2 )z0x tan6,). (8.17)

It gives the ratio of Xy vy My /xzxx = 0.15 for p >~ 0.65.

8.5.2 Longitudinal and Polar NOMOKE in MSHG: Polarization
Effects

Figure 8.13 shows dependences of the SH intensity on the orientation angle & of the
analyzer axis measured for opposite directions of magnetic field applied in the longi-
tudinal NOMOKE configuration [28, 30]. The fundamental radiation is s-polarized
and its wavelength is 868 nm, which corresponds to the microcavity mode. The
SH wave is linearly polarized. The longitudinal NOMOKE manifests itself in the
magnetization-induced rotation of the SH wave polarization. The angle of polariza-
tion rotation is A® = 38° for the angle of incidence of 30° and almost A® = 48°
as the angle of incidence is 15°.
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The magnetization-induced rotation of the SH wave polarization plane is in-
creased as the fundamental radiation is tuned to the long-wavelength region. Fig-
ure 8.14 shows the SH wave polarization diagrams measured for the s-polarized
fundamental radiation with A, = 1064 nm. The magnetization-induced rotation of
the polarization plane up to A® = 85° is observed, while for the p-polarized fun-
damental radiation the A® value is approximately 60°.

In the longitudinal NOMOKE configuration, the non-magnetic and magnetiz-
ation-induced SH fields are polarized orthogonally, ENM being p-polarized and
EM_s-polarized, respectively. The magnetization-induced effects appear in rota-
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tion of the polarization plane of the total SH light. The SH intensity depends on the
analyzer angle © as
2

D (©) o< |[ENMcos © + EY exp(igpy) sin © (8.18)

where the phase shift ¢)s describes the SH field ellipticity and the subscripts s
and p indicate the polarization of the corresponding SH fields. The SH wave
is considered as linearly polarized with ¢y >~ 0. The rotation angle of the SH
field polarization upon the inverting the magnetic field direction is estimated as
A® =~ 2arctan(EM/ E[I:IM) and depends on the ratio of corresponding elements of

the x> and x>V tensors [28]. For longitudinal NOMOKE configuration and the
s-polarized fundamental radiation

A® 22arctan()(yyyxMx/(Xzyy sin@w)). (8.19)

For A®,, =48° and 6 = 15°, it gives the ratio of xyyyx Mx/xzyy = 0.1 at A, =
870 nm, which is close to the value of the xyxry My /x;xx ratio estimated from the
transversal NOMOKE measurements. For A®,,, = 85°, 8 = 28°, it gives the ratio
of xyyyxMx/xzyy 2 0.15 at A, = 1064 nm.

The spectrum of the polar NOMOKE is shown in Fig. 8.15. Tuning the funda-
mental wavelength through the microcavity mode leads to a gradual increase of A®,
from 1° to 7°. In the polar NOMOKE configuration, E?’I is yielded by three sources.
First, it is generation of the s-polarized magnetization-induced SH field described
by the xyx,z element, Ei\’/ll = FJ&“’F;‘) FP XyxzzMz Il% with Fl.Q is the Green-function
correction for corresponding component of the SH or fundamental wave amplitudes
[31] and I,, is the fundamental wave intensity. Second, it is the generation of the
s-polarized SH field via the x,., element of the crystallographic quadratic sus-
ceptibility, Ei,\flz = Fyz‘” F? F;" Xyzy Iaz) sin(®,,/2), where O, is the linear (Faraday)
rotation angle of the fundamental wave. The Faraday rotation of the fundamental
radiation is greatly enhanced at the resonance with the microcavity mode due to
multiple reflection in the Bi:YIG spacer [32] that is the directly attributed to the
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nonreciprocity of the light propagation in the magnetic materials. Faraday rotation
of initially p-polarized fundamental wave is equivalent to the appearance of the
s-polarized component of the fundamental radiation that allows generation of the
s-polarized SH wave in the m-in, s-out polarization combination. The last source
of the s-polarized SH wave is the Faraday rotation of the p-polarized SH wave,
E?’g =E) NM 6in(@24,/2), where @y, is the Faraday rotation angle of the SH wave.
For small angles of incidence, the contribution of the y,,, susceptibility element is

small and ENM = (Fz‘”(F“’)zxzxx + szFwF“’szx)ﬂ For the correct calculation

of the total SH wave polarization rotation, tan A® = 2(E + E Ei\g) / EI;IM,
one should know the relation between xyzy, Xzxx and Xxzx elements However, for
the estimation, suppose them to be equal one to each other. For small refractive
angles 6,,, Green-function corrections F; 2o ,F? — 0 and F; 2o ,FY F @ F 20 1,
tan A® >~ A®, sin @y, >~ O, and sin ()w ~ () The A® Value can be estlmated
within these assumptions as [35]

AO ~ nyzZMZ/szx + Op/2 + Oy. (8.20)

The first term in (8.20) is wavelength-independent since the elements of the x >0
and x ® tensors are constant within narrow spectral region of the MC mode. The
term ®y, is also independent from A,, due to large absorption at the SH wavelength.
The second term in (8.20), &, (A, ) reaches the maximum for oblique angles of
incidence when s- and p-modes are overlapped. Note that the rotation of the SH
field polarization plane via non-magnetic quadratic susceptibility is related strongly
to the symmetry of the magnetic spacer since it requires the non-zero ., element.

8.5.3 MTHG in Magnetophotonic Microcavities

Optical third harmonic generation in MMC was first studied in the absence of the
external magnetic field in near-resonant conditions for the excitation of the micro-
cavity mode. Figure 8.16 shows the angular spectra of the THG intensity for dif-
ferent polarization combinations of the pump and THG modes. In accordance with
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the symmetry analysis summarized in Table 8.1, only s-in, s-out and p-in, p-out
geometries are allowed for the THG in an isotropic medium that was proven exper-
imentally. The magnetization-induced effects in the intensity of the third-harmonic
generation are studied for the transversal NOMOKE configuration. The symmetry
analysis shows that for this geometry of the magnetic field application the elements
of the cubic susceptibility tensor x>, which are odd in the magnetization, lead to
the appearance of additional contributions to the p-polarized THG signal. The ex-
periments performed for the p-in, p-out polarization combination for the transver-
sal NOMOKE do not reveal magnetization-induced variations of the THG intensity
within the experimental accuracy, on the contrary to a much larger magnetic contrast
in the SHG intensity.

In order to reveal a small magnetization-induced effect in the THG intensity, the
following experimental scheme is chosen. The p-polarized THG intensity is mea-
sured, while the polarization plane of the fundamental radiation is chosen to form an
angle of about 5-10 degrees out from the s-polarization. For this polarization com-
bination, almost the entire magnetic component of the THG intensity generated by
the xzyyyx component is recorded, which interfered with a strongly suppressed non-
magnetic p-in, p-out THG signal. Figure 8.17 shows the THG spectra measured in
the wave-vector domain for the oppositely directed magnetic field for the transver-
sal NOMOKE configuration. Similar to the magnetization-induced SHG, the THG
magnetic contrast is determined by the expression p3,, = (I}r‘” -3/ i“’ + 139),
where Ii‘” and I3¢ are the THG intensities for the oppositely directed magnetic
fields. The measured value of the magnetic contrast in the THG intensity is found
to be about 0.1 for the angles of incidence corresponding to the resonance with the
microcavity mode.

The observed THG magnetic contrast is due to the third-order susceptibility
x 31 components’ interference with the non-magnetic ones due to the internal ho-
modyne effect. This results in the revelation of a weak magnetic THG contribution
on the background of a much stronger non-magnetic THG. In this case, an esti-
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Fig. 8.18 Filled circles. 0.6 0.0
Intensity spectrum of the SH
wave reflected from MPC in
the p-in, s-out polarization
combination in longitudinal
configuration of the
dc-magnetic field application.
Line: the Faraday rotation
spectrum at normal incidence

SHG intensity (arb. un.)
Faraday angle (deg.)
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mation can be made for the x;yyyx element as yzyyyx ~ 1073 Xé?f)» where Xe(?‘) is

the effective non-magnetic cubic susceptibility responsible for the generation of the
p-polarized TH field with s- or mixed-polarized fundamental radiation.

8.5.4 Phase-Matched MSHG in Magnetophotonic Crystals

Figure 8.18 shows the spectrum of the SH intensity measured in MPC for the p-in,
s-out polarization combination in the longitudinal NOMOKE configuration. Spec-
trum demonstrates the resonant enhancement at A, =~ 1055 nm. The spectral po-
sition of the peak correlates with the long-wavelength PBG edge, which is blue-
shifted from 1110 nm for oblique angles of incidence. In the p-in, s-out polariza-
tion combination, the non-magnetic (crystallographic) SH field Egg)w induced by
the x % tensor is equal to zero. Thus in the longitudinal NOMOKE configuration
as M = (My, 0, 0), the SH intensity is entirely associated with the magnetization-
induced SH field EzMw induced by the xyxxx and x,;,x elements of the x @D tensor.
The MSHG enhancement in MPC is interpreted as a result of the phase matching
conditions achieved as the fundamental wavelength is tuned across the PBG edge.
This stems from the comparison of the amplitudes of the SHG resonances at PBG
edges. The intensity enhancement at the long-wavelength PBG edge of MPC is at
least five times larger than that at the short-wavelength edge. Spatial localization of
the optical field is similar at both PBG edges and the SHG enhancement yielded by
this mechanism is expected to be the same order of magnitude. Inversion of the mag-
netic field direction does not change the value of the SH intensity, which indicates
that EXM = 0.

This is in contrast to the p-in,p-out polarization combination. In the transver-
sal NOMOKE configuration the non-magnetic SH field Egg}’l interferes with
the magnetization-induced SH field ngu exp(igpy). The intensity cross-term
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Fig. 8.19 The SHG spectra 0.0
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.
Line: the Faraday rotation
spectrum at normal incidence
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SHG intensity (arb. un.)
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iZEgal}/[EzMw cos gy changes the sign upon changing the magnetic field direction
and manifests the internal homodyne effect in MSHG. This term leads to variations
of the SH intensity, which are linear in M and depends on the relative phase ¢y
between Eggvl and Eé\g} Figure 8.19 shows the SHG spectra measured for opposite
directions of magnetic field in the transversal NOMOKE configuration. The SHG
intensity is many-fold enhanced in the spectral vicinity of 1050 nm corresponding to
the phase-matched conditions for SHG at the long-wavelength PBG edge of MPC.
Changing 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 EXM 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
SHG magnetic contrast.

8.5.5 Nonlinear Magneto-Optical Kerr Effect in
Three-Dimensional Magnetophotonic Crystals

As has been discussed above MPC and MPMC are attractive structures for poten-
tial applications. One of the perspective approaches for the composition of MPC is
the infiltration of a magnetic material into porous PC template, thus the structure
periodicity is governed by the non-magnetic porous PC and the magneto-optical
properties are supplied by the infiltrated magnetic material.

Synthetic opals composed of spheres of silica oxide are unique self-assembling
materials that form a strongly periodic 3D structure. Depending on the size of the
constituting spheres they can reveal the PBG in the visible and near infra-red spec-
tral regions. The structure of the opals supposes the existence of hexagonal system
of pores with the volume fraction of no less than 26 % (in case of close packed
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Fig. 8.20 SEM image of the =i 1000 nm 490 nm
experimental opal sample ’ -

silica oxide spheres). As concerning 3D MPCs, there are several papers related to
studies of their magnetic and structural properties, including the observation of an
enlarged Faraday rotation [10, 11]. Here we describe the results on the composition
and investigation of the nonlinear magneto-optical Kerr effect (NOMOKE) in 3D
MPC based on artificial opals infiltrated by yttrium—iron garnet (YIG). Here we will
mainly describe the results from [37].

8.5.5.1 Sample Composition and Characterization

Templates of artificial opals were composed of monodisperse amorphous close-
packed SiO; spheres with the diameter of about 330 nm. The bare opals have been
grown by use of the technological route described in [39]. The samples studied in
the nonlinear-optical experiments were the plates of about (4 x 4 x 0.5) mm in size
cut parallel to the (111) opal crystalline plane (Fig. 8.20). Opal templates possessed
polydomain structure, the size of a single domain with highly ordered SiO; spheres
ranged from 30 to 100 pm.

Two technological approaches were used for the infiltration of opals templates
by yttrium—iron garnet. The first batch of samples was soaked by the colloidal so-
lution of yttrium—iron hydroxides taken in stoichiometric proportion, the size of the
colloidal particles being about 5 nm. The filling factor of pores was 25-30 % vol. In
order to form YIG nanocrystals inside the pores the subsequent annealing at 1300 K
was performed. X-ray diffraction analysis has shown the appearance of the strongest
YIG peak from [420] set of planes. Such a relatively poor XRD spectrum can ev-
idently be caused by the formation of silicate due to the reaction of yttrium oxide
with SiOy, so that only a small amount of crystalline YIG was formed.

An attempt to prevent the chemical reactions between the yttrium oxide and the
silica matrix was made for the second set of samples, where a thin platinum layer
covering the inner surface of the opal matrix was deposited prior to the infiltration
by YIG. A thin layer of platinum (2-3 nm) is deposited on silica surface using the
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Fig. 8.21 Magnetization
curve for opal-Pt-YIG
composite PC

Magnetic moment, esu 10*
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method described in [17, 18]. The gravimetric measurements have shown that the
filling factor of pores by Pt is about 5 % vol. After the deposition of a thin Pt layer
the samples were infiltrated by an aqueous solution of yttrium and iron acetates fol-
lowed by the thermal annealing in a similar way as described above for bare opals.
The filling factor of pores with YIG was about 30 % vol. In the case of this set of
samples the XRD analysis revealed the existence of the following crystalline phases:
Pt, yttrium—iron garnet Y3Fes;O1, with the lattice parameter a = 12.25(7) A, as
well as some impurities [y -Fe; O3, yttrium silicates and crystalline forms of SiO;
(cristobalite and tridymite)]. Before starting the optical measurements, the rest vol-
ume of pores in the opal-YIG and opal-Pt-YIG samples was infiltrated with glycerol
to decrease diffuse scattering. Magnetization measurements for Pt-covered YIG-
infiltrated opals (Fig. 8.21) have shown that within the experimental accuracy there
is no hysteresis in the magnetization curve, while for the magnetic fields over ap-
proximately 2 kOe the magnetization is close to the saturation. Such features are
typical for super-paramagnetic systems composed of nanocrystallites of magnetic
materials such as YIG crystallized within opals’ nanopores.

Optical characterization of YIG-infiltrated opals was first performed by linear
reflectance spectroscopy. The reflectance spectra measured for different angles of
incidence of the fundamental beam with the wavelength range from 500 to 1100 nm
are shown in Fig. 8.22. The reflectivity maxima correspond to the PBG and demon-
strate a blue-shift with the increase of the angle of incidence, which is typical for
opals [40, 41]. The inset in Fig. 8.22 shows a linear dependence of the central PBG
wavelength on sin?(0) that stays in good agreement with the Bragg diffraction con-

dition A =2d111V/ €eff — sin? 0, where d111 is the crystal lattice parameter along the
crystallographic direction [111] and e.f is the effective dielectric constant of the
composite opal.

When studying the nonlinear optical spectroscopy in composite opals with YIG,
the output of a nanosecond OPO laser system in the spectral range from 700 to
1100 nm with a pulse duration of about 4 ns and a peak intensity of 1 MW/cm? is
used as the fundamental radiation. A Fresnel rhomb (placed in front of the sample)
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Fig. 8.22 Reflectivity spectra
of opal-Pt-YIG composite PC
for various angles of
incidence of the fundamental
beam. Inset: dependence of
the square of the PBG central
wavelength 22 on sin? )
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Fig. 8.23 Main panel: SHG
intensity (left scale) and the
NOMOKE (right scale) 4L i
spectra in opal-YIG sample
measured for 6 = 20°. Insets:
reflectivity spectra of the
same sample and for 6 = 20°
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and Glan-Taylor polarizer (placed in the reflected from the sample beam) select
the p-polarizations of both the fundamental and SHG waves. The SHG signal in the
direction of the specular reflection is detected by a PMT and a boxcar integrator. The
magnetic field of 2 kOe is applied to the sample in the geometry of the transversal
magneto-optical Kerr effect, i.e. in the plane of the sample and perpendicular to the
plane of incidence, as is shown schematically on the inset in Fig. 8.23. As has been
described in the previous sections, this experimental geometry can lead only to the
magnetization-induced changes the intensity of the reflected SHG.

Figure 8.23 shows the linear reflectivity spectra measured for 8 = 20° for opal-
YIG composite (without the Pt coverage) that reveals a spectral maximum centered
at A &~ 790 nm. SHG intensity spectrum of the same sample attained also for 6 = 20°
in the spectral vicinity of the PBG is shown in the main panel of Fig. 8.23. The spec-
tral peak of the SHG intensity is centered around 770 nm, which corresponds to the
PBG edge similarly to observed for Si-infiltrated opals [38]. Such behavior can be
attributed to the fulfillment of the phase-matching conditions for the second har-
monic generation, similarly to observed in 1D MPC and associated with a modified
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Fig. 8.24 Main panel: SHG intensity (left scale) and the NOMOKE (right scale) spectra in opal-P-
t-YIG sample measured for 0 = 20°. Inset: reflectivity spectra of the same sample and for 6 = 20°

dispersion law of opal-based PC in this spectral region, which can be treated as
nonlinear diffraction in 3D PC.

To reveal the magnetic state of opal-YIG composites, the transversal NOMOKE
is studied for the two types of sample and the SHG contrast was measured for fixed
wavelengths of the fundamental beam. The SHG intensity was first measured for
one of the directions of the magnetic field for about 5000 laser pulses and gave the
value I, (H+), then the direction of H was reversed and the value I, (H—) was
measured. This procedure was repeated for dozens of times for each wavelength of
the pump beam close to the spectral maximum of the SHG intensity. An example of
the measured SHG intensities for the subsequent experiments is shown in Fig. 8.23,
where N indicates the number of switching of the magnetic field. The values of the
SHG intensity I»,(H+) and I, (H—), averaged over the whole set of measurements,
were taken to determine the SHG magnetic contrast.

The NOMOKE contrast for opal-YIG composites is shown in Fig. 8.23 (right
scale for the main panel), the attained value is oy, = 4 %. For comparison, in linear
magneto-optical transversal Kerr effect for thin YIG films the analogous value is
about 0.1 % or less.

Figure 8.24 shows the results of linear-optical (inset) and nonlinear-optical (main
panel) spectroscopy of opal-Pt-YIG sample measured for 6 = 20°. The reflectivity
maximum for the opal-Pt-YIG composite is twice as high as that for the opal-YIG
composite under the same experimental conditions (insets in Figs. 8.23 and 8.24).
This is probably related to a better quality of the SiO»-Pt-YIG interfaces as com-
pared with the SiO,-YIG sample, as platinum prevents chemical reactions between
yttrium oxide and the silica opal matrix. The main panel in Fig. 8.24 shows the SHG
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spectrum, which reveals a sharp peak centered around 767 nm, which corresponds
to the spectral position of the short-wavelength wing of the reflectivity spectrum.
The mechanism of the SHG enhancement in the opal-Pt-YIG sample is expected
to be the same as in the opal-YIG sample and is attributed to the realization of the
phase-matching conditions for the SHG process at the PBG edge, while the increase
of the SHG peak intensity is about one order of magnitude larger.

The SHG magnetic contrast in opal-Pt-YIG samples is about 7.5 % for the wave-
lengths close to the SHG spectral maximum. This value was obtained in the same
way as for the SHG magnetic contrast for the opal-YIG composites and is shown
in Fig. 8.24 for several wavelengths (the data refer to the right scale of the panel).
Larger po,, values attained for opal-Pt-YIG composites as compared with Pt-free
opal-YIG samples are probably caused by larger concentration of crystalline YIG
inside the opal-Pt matrix due to the protective role of the Pt internal layers pre-
venting strong chemical interaction of YIG precursors and the SiO; spheres. As the
result, this leads to higher magnetization-induced nonlinear-optical effects in the
sample.

Summing up, the SHG and NOMOKE spectroscopy are studied in 3D magneto-
photonic crystals based on artificial opals infiltrated by yttrium—iron garnet. The
existence of the crystalline magneto-optical YIG inside the 3D opal matrix is proven
by XRD studies. The SHG magnetic contrast of 7.5 % is observed for the spectral
edge of the photonic band gap of the composed magnetophotonic crystals.

8.6 Conclusions and Prospectives

In this chapter we have discussed the modern trends in nonlinear optics of novel
photonic-band-gap systems based on conjugation of gyrotropic materials with bro-
ken time-reversal symmetry with photonic crystals approach yielding new possi-
bilities to control the nonlinear generation and propagation of light that is flexible
under external control impacts, such as a dc magnetic field. Nonlinear-optical ana-
log of magneto-optical Kerr effect revealing itself in magnetization-induced changes
of second- or third-harmonic intensity, polarization or relative phase is experimen-
tally demonstrated in transversal, longitudinal and polar configuration of magnetic
field application. One of the further developments of nonlinear magneto-optics in
magnetophotonic crystals might be the search of similar effects in magnetoplas-
monic crystals [42—44] and magnetoplasmonic nanostructures [45, 46] involving
collective excitations of electron plasma. This might stimulate the integration of
these new materials in modern telecommunication systems.
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