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Noncollinear generation of second and third harmonics in three-dimensional photonic crystals of artificial opals
is experimentally realized and interpreted in terms of nonlinear diffraction. A factor-of-two enhancement of
second- and third-harmonic generation intensity in diffraction maxima directions is observed due to effective
phase matching provided by photonic crystal periodicity. Bidirectional diffraction of third harmonics at crystallographic planes ð111Þ and ð!
1 11Þ is observed. The broadening of nonspecular diffraction peaks is found to correspond to the polycrystalline structure of the opal samples. © 2011 Optical Society of America
OCIS codes: 190.2620, 230.5298, 050.5298.

1. INTRODUCTION
Nonlinear diffraction in media with modified dispersion law
attracts high interest because of the possibility to efficiently
control the propagation and generation of light. It is defined as
the diffraction of optical harmonic radiation at angles of incidence for which the nonlinear Bragg’s law is satisfied [1]. The
phenomenon of nonlinear diffraction was first shown in the
NaH4 Cl multidomain sample with periodic spatial modulation
of nonlinear susceptibility, where effective second-harmonic
generation (SHG) in noncollinear directions was observed [1].
Subsequently, the same effect was theoretically predicted [2]
and experimentally demonstrated [3] in two- and threedimensional (3D) nonlinear photonic crystals with periodic
alternation of quadratic susceptibility. Efficient generation of
noncollinear harmonics in nonlinear photonic crystals caused
by nonlinear diffraction of light allows one to consider them
as a new type of nonlinear crystals for multibeam and multifrequency harmonics generation. Nonlinear diffraction in nonlinear photonic crystals has been observed in the narrow
angular range around the collinear direction due to large period and small reciprocal vector in comparison with the light
wave vector. The study of nonlinear diffraction is of interest in
materials where the opposite case—the wave vector length
equals or is smaller than the reciprocal vector length—is realized. The nonlinear diffraction in these structures is expected
to be essentially noncollinear. Three-dimensional photonic
crystals (PCs) of artificial opals are an example of such materials. They possess well-studied optical properties such as
photonic bandgap [4], Bragg diffraction [5], and Fano-type resonances in transmission spectra [6]. They also can lead to
new materials with a photonic bandgap tunable under the impact of external fields by its filling with functional materials
such as semiconductors, ferroelectrics, and magnetics [7–9].
Three-dimensional photonic crystals of opals are also of interest for a number of nonlinear optical applications as was
recently demonstrated for collinear SHG and third-harmonic
generation (THG) [10–12].
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In this paper, the noncollinear configuration of nonlinear
diffraction of second (SH) and third harmonics (TH) in 3D
photonic crystals of artificial opals is realized. Generally, the
directions for efficient diffraction in periodic media are determined by Bragg law for wave vector mismatch Δk in the
reciprocal space
Δk ¼ kout − kin ¼ G;

ð1Þ

where kin and kout are wave vectors of incident and diffracted
waves and G is the reciprocal vector of the structure. This can
be generalized for optical harmonics generation by introduω
cing the wave vector mismatch ΔkNL ¼ knω
out − nkin between
wave vectors of fundamental, kωin , and nth-order harmonic,
knω
out , [1]. Equation (1) can be solved graphically using Ewald
construction [2] similar to the sketch shown in Fig. 1(a). The
sketch represents the part of the cross section of the opal
Brillouin zone with the ð!1 !11Þ plane corresponding to the plane
of incidence in reciprocal space [4]. The ð111Þ surface corresponds to the growth surface. Bragg law is satisfied if kin , kout ,
and G111 form the triangle of quasi-phase matching. The triangle is isosceles for linear diffraction and the angles of incidence and diffraction, θin and θdif , are equal. This is not the
case for nonlinear diffraction as there is a phase mismatch
caused by dispersion of refractive index of the sample.
Though nonlinear processes in photonic crystals are conventionally described by the effective refractive index approximation [11,13], the triangles method in reciprocal space avoids
complex calculations of effective refractive index and determines the shape and position of diffracted peaks with enough
accuracy.

2. EXPERIMENT
Samples of artificial opals were prepared by natural sedimentation of silica microspheres [14]. The opal surface coincides
with the growth ð111Þ plane except for a slight slant due to
surface polishing. The period of the opal structure, d ¼
© 2011 Optical Society of America
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Fig. 1. (Color online) (a) Scheme of linear (large arrows, green
online) and nonlinear (small arrows, red online) diffraction at secondharmonic frequency in opal PCs shown in reciprocal space. (b) Principal scheme of the nonlinear diffraction experiment: the incident wave
is p-polarized, while the polarization state of the diffracted wave is not
controlled. (c) The angular spectra of nonlinear diffraction of secondharmonic (filled circles) and of linear diffraction of frequency-doubled
YAG laser radiation (open circles) in the opal photonic crystal.

205 nm, is estimated from the spectral position of the stop
band in transmission spectra. Immersion of the opals in
ethanol (refractive index of n ¼ 1:36 at 532 nm) was used
to reduce the influence of Rayleigh scattering at the opal packing defects.
Nonlinear diffraction of second and third harmonics in
opals was realized by k-domain spectroscopy when the angle
of incidence was varied while the fundamental wavelength
was fixed. The 1064 nm output of the YAG:Nd3þ laser with
pulse duration of 10 ns, energy of 6 mJ per pulse, and spot
diameter of 1 mm was used as fundamental radiation. In the
nonlinear case, θin ≠ θdif and the experimental configuration
was chosen to be able to separately measure angular dependences of the nonlinear signal on the angle of incidence θin
and on the angle of detection θdet ≡ θin þ θdif between the
wave vector of fundamental radiation and detecting direction
while θin was fixed. Two experimental schemes were realized,
as shown in Fig. 1(b): measurements of indicatrix of nonlinear
signal I nw ðθdet Þ for fixed θin and angular dependences I nw ðθin Þ
for fixed θdet . In the second-harmonic diffraction experiments,
the θdet value was fixed to 68°.

3. SECOND-HARMONIC NONLINEAR
DIFFRACTION
The angular spectrum of nonlinear diffraction of second harmonics is shown in Fig. 1(c), with the angular spectrum of
linear diffraction of frequency-doubled YAG laser radiation
for comparison. Intensity of the linear diffraction of SH light
is peaked in the specular direction. The only peak close to the
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specular direction is observed for nonlinear diffraction as the
length of reciprocal vector G111 ≡ 2π=d is close to 2k2ω . The
SH diffraction peak is shifted to larger values of incident angles in comparison with linear diffraction maximum because
2kω < k2ω due to normal dispersion of silica. Enhancement of
the SH intensity is about two times in comparison with the
SHG signal out of the diffraction peak. Despite the fact that
the opal is macroscopically centrosymmetrical, SHG is possible at the microspheres’ surfaces due to inverse symmetry
breaking [10,15]. SHG enhancement in the nonlinear diffraction peak area is caused by quasi-phase matching of fundamental and harmonic waves involving reciprocal vector G111 .
A difference between the angular positions of the two peaks
argues that nonlinear diffraction is not a cascade process of
second-harmonic generation and its further diffraction, and
has to be considered as a single process. The angular dependence of SH nonlinear diffraction has a peak at θin ¼ 44° with
the half-width at half-maximum (HWHM) ΔθNL ¼ 5:5° % 0:3°.
Recently, SHG enhancement was observed in the specular direction at the photonic bandgap edge in one-dimensional (1D)
and 3D photonic crystals [10,16–21] and at the microcavity
mode of 1D photonic crystals [22–24]. The SHG enhancement
in 1D photonic crystals is associated with quasi-phase matching condition fulfillment due to the media periodicity. In 3D
photonic crystals, the SHG peak observed in the specular
direction can be considered as the −1st order of nonlinear
diffraction due to nonlinear Bragg law satisfaction.
The peak of nonlinear diffraction is widened in comparison
with the linear diffraction peak. The broadening W SH ¼
ΔθNL =ΔθL ¼ 1:55 % 0:05 is caused by different values for
the refractive indices and absorbance coefficients of fundamental and SH waves. The shape of the SH diffraction peak,
caused by phase matching of fundamental and harmonic
waves, is described by the phase-mismatching factor
FðθÞ ∼ sinc2 ½ðΔkNL ðθÞ − G111 ÞL=2', where L is interaction
length [25]. The fit of the experimental spectrum with the
Fðθin Þ dependence is shown in Fig. 1(c) by the solid curve.
The values for the opal effective refractive indices, nω at
1064 nm and n2ω at 532 nm, are obtained as the average indices of the spheres and voids of the opal, taking into account
that the spheres have pore structure and form the closepacked fcc structure in opal [26]:
n ¼ ½0:54n2SiO2 þ 0:2n2air þ 0:26n2eth '1=2 ;

ð2Þ

where nSiO2 , nair , neth are the refractive indices of silica, air,
and ethanol, respectively. The obtained values of nω ¼ 1:34
and n2ω ¼ 1:35 are in good agreement with n2ω ¼ 1:345 as
determined from transmission spectral measurements. The
interaction length achieved in the fit of the SH diffraction
peak with Fðθin Þ is L ∼ 4:5 μm, which corresponds to 20 layers
of opal sample. A small L value in comparison with sample
thickness can be the result of a large amount of defects in
the opal packing. Rayleigh scattering at the defects leads to
fundamental-wave weakening into the incident direction,
broadening of the diffraction cone, and a decrease in effective
interaction length.
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4. MULTIDIRECTIONAL THIRD-HARMONIC
NONLINEAR DIFFRACTION
The multidirectional nonlinear diffraction can be observed if
the wave vectors are long enough, i.e., k ∼ G. In this case, two
triangles are enclosed simultaneously, involving two reciprocal vectors, for example, G111 and G!111 as shown in Fig. 2(a).
This leads to coincidence of two dips corresponding to two
PBG in transmission spectra of opal [27] and simultaneous observation of two orders of diffraction (the 0th and the −1st) in
reflectance. The multidirectional nonlinear diffraction can be
observed in both second- and third-harmonics generation, but
in the structures studied here, this situation is realized for the
TH nonlinear diffraction only. As the angle of incidence θin is
fixed at 68°, while θdet is changed from 20° to 200° [inset in
Fig. 2(b)], simultaneous TH nonlinear diffraction at two
symmetry planes, ð111Þ and ð!1 11Þ, can be realized in opal
with a lattice period of 205 nm and fundamental wavelength
of 1064 nm.
The indicatrix of third-harmonic nonlinear diffraction is
shown in Fig. 2(b). The indicatrix of linear diffraction of frequency-tripled YAG laser radiation is also shown for comparison. The indicatrix of third-harmonic nonlinear diffraction
intensity has two peaks at θdet ¼ 62° and θdet ¼ 163° with
HWHM ΔθNL;!111 ¼ 36° % 3° and ΔθNL;111 ¼ 12° % 1°, respectively. The TH diffraction peak at θdet ¼ 163° involves the
reciprocal vector G111 . It is almost specular and is shifted
from the peak of linear diffraction because of the difference
between k3ω and 3kω . This is shown in Fig. 2(a) as a non-

Fig. 2. (Color online) (a) Scheme of bidirectional linear (dark, blue
online) and nonlinear light, (red online) diffraction at third-harmonic
frequency in the reciprocal space. (b) The angular spectra of nonlinear
diffraction of third-harmonic (filled circles) and of linear diffraction of
frequency-doubled YAG laser radiation (open circles) in the opal
photonic crystal. (Inset) The scheme of the experiment: the incident
wave is p-polarized, and the polarization state of diffracted wave is
not controlled.
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isosceles triangle with different angles for kin
ω and k3ω due
to dispersion of the effective refractive index of the opal
sample. The TH diffraction peak at θdet ¼ 62° is caused by
nonlinear diffraction at the series of ð!1 11Þ planes that corresponds to the bottom triangle in Fig. 2(a).
The TH diffraction peaks are widened in comparison with
linear diffraction. The broadening of the peak observed at
θdet ¼ 163° is W TH;111 ¼ ΔθNL =ΔθL ¼ 1:42 % 0:04, and that of
the small-angle peak is W TH;!111 ¼ 3:89 % 0:15. The W TH;111
value is close to W SH , while W TH;!111 is much larger. The fit of
both peaks by angular dependences of phase mismatch factor
Fðθdet Þ with L ¼ 1:0 μm and effective refractive indices of
nω ¼ 1:34 and n3ω ¼ 1:37 calculated using Eq. (2) is shown in
Fig. 2(b) by solid curves. The fitting of the large-angle peak
has good agreement with the experiment, while the width of
left peak appears to be approximately three times larger.

5. ROLE OF STRUCTURE DEFECTS IN TIRDHARMONIC DIFFRACTION PEAK
BROADENING
The reason for the large width of TH diffraction peaks should
be looked for in the opal structure. Artificial opals formed by
natural sedimentation technique have a polycrystalline structure with a typical domain lateral size of 50 to 100 μm and
thickness of 10 to 20 μm [28]. Thickness of domains is small
in comparison with the the lateral size because the main type
of defect in opals is stacking faults in the layer sequence along
the growth axis such as ABCABABC, while the fcc lattice is
characterized by the ABCABC sequence. The polycrystalline
structure of the sample surface leads to slight misorientation
of local normals to the domain surfaces in comparison with
the normal to the macroscopic sample surface. Recently,
the enhancement of second and third-harmonics generation
was shown to be enabled in disordered polydomain structures. Random modulation of nonlinear susceptibilities leads
to formation of a continuous domain of the reciprocal vectors
G and fulfillment of the phase-matching conditions becomes
possible for a wide range of incident angles and wavelength of
the fundamental wave [29,30]. The set of local ½111' directions
and corresponding G111 reciprocal vectors forms the bodily
cone around the growth axis of opal. The probability of existence of a domain with the certain reciprocal vector G111 different from the growth axis orientation has an angular
distribution close to Gaussian with the maximum along the
growth direction. The shape of spectral features such as
the dip in transmittance or the peak in reflectance is an envelope function of the diffraction maxima at this set of domains.
The width of the envelope function is the measure of a domain’s misorientation in the sample and, consequently, of the
defect density. Coherent Bragg diffraction at the set of polycrystals leads to essential broadening of features in the transmission spectra of artificial opals [28].
The polycrystalline structure of opals leads to the fulfilment
of the Bragg law (1) at different incident angles in the domains
with local normals differently oriented to the surfaces. The
effective Bragg diffraction in opals is observed in some range
of incident angles determined by the width of bodily cone
formed by the local normals. As the result, two diffraction orders are observed simultaneously for several incident angles.
Figures 3(a) and 3(b) show linear and nonlinear TH diffraction
indicatrices for incident angles of θin ¼ 60°, 68°, and 76°. The
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series demonstrates different ratios of intensity of two peaks
for different angles of incidence. There is only a small-angle
peak corresponding to diffraction at ð!1 11Þ planes at θin ¼ 60°,
the small-angle peak at θin ¼ 68° is more intensive than the
large-angle peak corresponding to diffraction at growth ð111Þ
planes, and the large-angle peak at θin ¼ 76° is more intensive
than the small-angle one. Intensities of the diffraction maxima
are correlated with the number of opal domains involved in
the diffraction process. The deviation of domain normal from
the growth axis decreases the diffraction intensity. The θin
range, where Bragg law (1) is satisfied for both ð111Þ and
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ð1! 11Þ planes, is estimated as 10° centered at 68°. Figure 3
shows that the widths of small- and large-angle maxima are
different for both nonlinear and linear diffraction. The broadening in the linear case is attributed to different sizes of domains in the ð111Þ and ð!1 11Þ planes. Because the lateral size of
the opal domains is larger than the thickness, the effective domain lateral size for the ð!1 11Þ planes is 3 to 5 times smaller,
and the corresponding bodily cone is 3 to 5 times wider, than
for the ð111Þ planes. This is caused by the fact that the stacking faults maintaining the order of packing in the ð111Þ planes
break it in the ð!1 11Þ planes, making the size of domains in
the ð!1 11Þ planes effectively smaller. Thus the width of the THdiffraction small-angle peak is due to the interplay between
natural nonlinear broadening that is associated with dispersion of material and additional broadening that is associated
with the increased density of defects in the ð!1 11Þ planes in
comparison with the ð111Þ planes. The other reason for broadening of the large-angle edge of the nonlinear diffraction peak
at the ð!1 11Þ planes is linear diffraction at the ð111Þ planes. The
TH radiation that is nonlinearly diffracted at the ð!1 11Þ planes
is scattered at the packing defects. The TH light scattered at
the large angle appears in the direction of the effective linear
diffraction at the ð111Þ planes, and diffracts. The width of this
peak added to the original nonlinear diffraction peak produces the broadening of the resulting peak. Scattering makes
the conditions favorable for the TH light generated during the
nonlinear diffraction process to diffract in all three possible
directions, i.e., that of the linear and nonlinear ð!1 11Þ diffraction and of the linear ð111Þ diffraction; the intensity of the TH
signal is determined by the scattering cross section in these
directions.

6. CONCLUSIONS

Fig. 3. (a) Indicatrix of linear (open squares) and nonlinear
diffraction (filled squares) at TH wavelength for 60° angle of incidence. (b) Indicatrix of linear (open circles) and nonlinear diffraction
(filled circles) at TH wavelength for 68° angle of incidence. (c) Indicatrix of linear (open triangles) and nonlinear diffraction (filled triangles) at TH wavelength for angle of incidence of 76°. Solid curves
show the fit of the experimental data, with a double-peak Gaussian
line shape.

In conclusion, multidirectional nonlinear diffraction of second
and third harmonics in 3D photonic crystals of artificial opals
involving G111 and G!111 reciprocal vectors is studied. The
factor-of-two enhancement of second- and third-harmonic
generation in the directions of the diffraction maxima is observed due to effective phase matching imposed by the photonic crystal periodicity. The bidirectional diffraction of the
third harmonics observed is due to the three-dimensionality of
opal photonic crystals at the ð111Þ and ð!1 11Þ crystallographic
planes. The peak of nonlinear diffraction at the ð!1 11Þ planes is
essentially nonspecular and widened in comparison with the
peak diffracted at the ð111Þ planes that is attributed to the
polycrystalline structure of opal samples. The diffractive properties of 3D photonic crystals of opal may be important for
application in nanophotonics, integrated optics, and nanoelectronics. Infiltration of opal voids with liquids or polymers with
high nonlinearity provides a way to obtain new bidirectional
nonlinear crystals with operating frequencies in the IR, visible,
and UV ranges. The use of the nonspecular diffractive peak
allows study of the properties of materials infiltrated in opal
voids, such as for ferroelectrics and semiconductors, independent of the surface influence.
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