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Phase matched second harmonic generation is observed experimentally in a centrosymmetric
crystalline lattice of dielectric spheres of optical dimensions. The inversion symmetry is broken
locally at the surface of each sphere in such a way that the scattered second harmonic light interferes
constructively leading to a nonvanishing macroscopic field. Phase matching of the fundamental and
second harmonic waves in such periodic lattice is observed to be naturally provided by the bending
of the photon dispersion curve at the edge of the Bragg reflection band of a given set of lattice
planes. ©1997 American Institute of Physics.@S0003-6951~97!03706-6#
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By the end of the last decade attention was drawn
materials with a 3-dimensional~3d! periodic distribution of
the dielectric constant or photonic band gap materia1

where it would be possible to control the photons to be em
ted by atoms or molecules embedded in them.1,2 Although
most of the effort in the field focused on the search o
material that exhibits a full photonic band gap, it has be
recognized that nonlinear optical effects may play an imp
tant role in the development of more efficient optoelectro
devices3 that rely on the special properties of materials th
exhibit a photonic band gap only in selected directions, s
as colloidal crystals.4 In this letter, we report experimenta
results that show how the scattered light at the double
quency from the surface of small spherical particles that
organize in a crystalline lattice,5 are used as a new mech
nism for second harmonic generation. The long range p
odic order of this structure provides, in a natural manner,
necessary phase matching of the incident laser beam an
generated beam at the double frequency. In such nonli
colloidal crystals, the nonlinearity of the molecule is n
linked to the phase matching mechanism, giving an en
mous flexibility for the application of these nonlinear phot
nic crystals in the implementation of optoelectronic devic
as well as in the study of surface chemical processes
macroscopic sample.

Efficient second harmonic generation~SHG! has been
mostly limited to noncentrosymmetric crystals that must
also birefringent, providing the phase matching mechan
necessary for a continuous growth of the wave at the dou
frequency. However, SHG in the dipole approximation
process forbidden in the bulk of centrosymmetric crysta
would be allowed in a photonic crystal composed of polys
rene spherical particles of optical dimensions ordered in
unsheared lattice, because of the local breaking of the in
sion symmetry at the surface of each spherical particle. A
well known, second harmonic~SH! light may be reflected

a!Current address: Departament of Fı´sica i Enginyeria Nuclear, Universita
Politècnica de Catalunya, 08222 Terrassa, Barcelona, Spain.
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from the interface of two centrosymmetric media, due to
lack of inversion symmetry of the surface layers,6 or scat-
tered by orientational fluctuations of molecules that loca
break the macroscopic centrosymmetry of a solution.7 In our
experiments, to enhance the second order nonlinear inte
tion present at this boundary, we adsorbed a layer of stron
nonlinear molecules on the surface of each sphere, of a
loidal crystal ordered in a face centered cubic~fcc! lattice.5

Stable aqueous suspensions of negatively charged m
spheres were coated by dialysis with a positively charg
chromophore of a dye molecule with a high nonlinear co
ficient. The negative surface charge of each sphere as we
the hydrophobic character of sulfate latex microspheres h
the formation of a surface layer of nonlinear molecules w
a preferred orientation of the permanent dipole moment
our experiments we coated 0.115-mm-diam spheres from In-
terfacial Dynamics Corporation with the chromophore p
of the dye molecule. The polystyrene suspension was
lyzed overnight in a 231025 M aqueous solution of Mala-
chite Green. With the colloidal suspension of dye coa
spheres a single fcc crystal was formed in a 1 mmpath
length cell. The colloidal suspension was added to a
~5031031 mm! containing a mixed bed ion exchange res
in the bottom. After three or four days a single crystal form
as stray ions in solution diffuse to the resin.

For continuous growth of the SH field intensity, in add
tion to a spatially nonuniform response to the nonlinear
teraction, it is necessary to phase match the fundamental
SH beams. Pioneering work by Lawandyet al.4 proposed the
use of the birefringence exhibited by sheared colloidal cr
tals as the phase matching mechanism for nonlinear phot
crystals. However, in periodic material such as an unshea
crystalline lattice, the mechanism of phase matching can
naturally provided by the bending of the photon dispers
curve at the boundary of the forbidden zone or Bragg refl
tion band.8 Numerical calculations predict a maximum SH
in reflection or transmission for modes outside but near
forbidden zone.9 Propagation of light at the smaller ang
side of the Bragg reflection band corresponding to the~111!
planes of the fcc lattice results in the appropriate change
/97/70(6)/702/3/$10.00 © 1997 American Institute of Physics
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 This a
effective index of refraction for the wavelength of the S
field. Since the nonlinear material is localized on the surf
of every sphere of each~111! plane, and there is no nonlinea
material in between planes, phase matching is from plan
plane. This separation between the~111! planes can be tune
to the desired wavelength, previous to the crystal format
by concentrating the suspension in a dialysis prepared
remove the adequate amount of water from the colloidal s
pension.

The prepared sample was excited using an active-pas
mode-locked laser emitting 35 ps pulses in the near infra
at a wavelength of 1064 nm. The laser pulses of an ave
energy of,5 mJ were focused down to a spot size 2 mm
diameter at the surface of the sample. The polarization of
incident beam was set to be parallel to the plane of in
dence, and the polarization of the generated SH beam
selected using a Glann–Laser polarizer. The SH inten
was detected using a R212 Hamamatsu photomultiplier t
after passage through a heat absorbing filter and an inte
ence filter centered at 532 nm. The wavelength of the ge
ated beam was determined to be 532 nm using a monoc
mator with a resolution of 0.1 nm. Measurements of
reflected SH intensity when both the exciting field and
generated field at the double frequency were polarized
allel to the plane of incidence are shown in Fig. 1 as a fu
tion of the angle of the transmitted fundamental beam re
tive to the normal of the~111! planes for two fcc crystals
corresponding to two different sphere concentrations. A
low sphere concentration a peak of maximum SH intensit
observed at 27.4°, while at a higher concentration the pea
shifted down to 14.5°. Thep-polarized SH field intensity
was measured to be 500 times larger than the intensity
the SHs-polarized field. Although similar results were ob
tained in transmission, maximum SHG in transmission is

FIG. 1. Intensity of the second harmonic light generated inside a si
colloidal crystal, measured in a reflection geometry as a function of
angle of the transmitted fundamental beam relative to the normal of
~111! planes. The open circles correspond to a high sphere concentr
crystal, while the solid dots correspond to a 25% lower sphere concentr
crystal. The wavelength of the incident laser pulse was 1064 nm. Si
crystals were formed in two 1 mm path length cuvettes from two differ
concentrations of 0.115mm in diameter polystyrene spheres coated w
Malachite Green in an aqueous suspension. Both lines connecting th
perimental data points are a guide for the eye.
Appl. Phys. Lett., Vol. 70, No. 6, 10 February 1997
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times the maximum peak for SHG in reflection; a reflecti
geometry is considered to simplify the analysis. In such
geometry interference with the SH light generated in the b
of the cell walls is strongly reduced. Similar measureme
were taken from a crystal of uncoated spheres at the h
concentration, and determined that the Malachite Green m
ecules coating the sphere surface produce an enhanceme
the second order nonlinear interaction by approximately
order of magnitude.

Experimental measurements of the passive propertie
the colloidal crystal used were performed to determine
origin of the phase matching mechanism involved in t
SHG process. Light at 532 nm, obtained by doubling
frequency of the laser pulse in a potassium dihydrogen ph
phate~KDP! crystal, was used to measure the reflectivity
the colloidal crystal at the frequency of the SH wave. T
reflection from the~111! planes of both fcc colloidal crystal
as a function of the angle of the transmitted beam relative
the normal of the~111! planes at a wavelength of 532 nm
shown in Fig. 2. Maximum reflection occurs when the Bra
condition 2dcosu5l/n is satisfied at 28.3° for the low spher
concentration crystal and at 16.7° for the crystal with
higher sphere concentration. As the density of spheres
creases the angle satisfying the Bragg condition beco
smaller in proportion to the amount of water removed fro
the suspension.5 Notice by comparing Figs. 1 and 2 tha
maximum SH is always generated at the smaller angle
of the corresponding crystal stop band shown in Fig. 2. T
is consistent with a phase matching of the fundamental
SH beams due to a decrease of roughly 0.02 in the effec
index of refraction at the left edge of the top band. Th
change in the effective index of refraction for a wave prop
gating at the SH frequency is sufficient to overcome
phase lag between the fundamental and SH waves introd
by the normal dispersion of water.10 By comparing the maxi-
mum power conversion of a crystal 100mm thick and the

le
e
e
on
on
le
t

ex-

FIG. 2. Reflection of incident light at 532 nm as a function of the angle
the transmitted beam relative to the normal of the~111! planes for the same
crystals considered in Fig. 1. The open circles correspond to the high sp
concentration crystal, while the solid dots correspond to the low sph
concentration crystal of Fig. 1. The reflected intensity is normalized in
figure to the reflected intensity at the angle satisfying the Bragg condit
that was measured to be on average 93%. Both lines connecting the ex
mental data points are a guide for the eye.
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 This a
maximum conversion at 27.4° shown in Fig. 1 for the 1 m
crystal, we can establish the dependence of the SH po
conversion with the length of the crystal. This depende
should be quadratic in the case of perfect phase match
However, in a nonperfect crystal actual power conversion
approximately proportional toL2* exp (2aL), whereL is
the length of the crystal anda the extinction coefficient.
Scattering losses introduced by defects in the crystalline
tice, in addition to the non-negligible absorption cross s
tion at 532 nm of Malachite Green, result in an extincti
coefficient that was measured at normal incidence to be
cm21 for the low sphere concentration crystal. Using th
value for the extinction coefficient in the expression above
conversion efficiency ratio of 8 is predicted when compar
a 1 mm and a 100-mm-thick crystal, in close agreement wit
the experimentally measured power conversion at the p
of maximum SHG shown in Fig. 1 to be six times larger th
in a 100-mm-thick crystal. The same quadratic behavior
observed in experiments performed using spheres wit
smaller diameter and consequently with a lower extinct
coefficient of 21 cm21. In such a case the experimental
observed power conversion ratio when comparing a 1 mm
and a 100-mm-thick crystal was 9.5, in close agreement
the predicted value of 14.5.

This second order nonlinear process at the bulk o
centrosymmetric colloidal crystal is attributed to the nonl
ear molecules adsorbed on each sphere. Contribution to
global SH field from each sphere in the crystalline latt
may be accounted for by using a simple theoretical mo
that considers in a first step the light scattered from the
face of each sphere in the Rayleigh–Gans regime assum
that the permanent dipole moment of the molecule is
ented on average in the radial direction defined from
center of each sphere. Rayleigh–Gans scattering is a v
approximation in the present case, since the ratio of the
electric constant of the sphere relative to the dielectric c
stant of the surrounding medium is close to unity.11 In con-
sistency with a nonlinearity localized at the surface of ea
sphere is the decrease in reflected SH light when the ang
reflection approaches zero,12 seen in Fig. 1 by comparing th
relative height of the two peaks of maximum SHG.

At present, scattering losses introduced by defects in
crystalline lattice limit the conversion efficiency betwe
102 and 103 times that of a single layer with the same surfa
density of Malachite Green adsorbed on a glass plate. H
ever, the particular configuration of the SHG mechanism
scribed sets no limits to the conversion efficiency other th
limitations of technical character, such as increasing the d
sity and thickness of the nonlinear molecule coating la
704 Appl. Phys. Lett., Vol. 70, No. 6, 10 February 1997
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~possibly through a process of chemical adsorption!, increas-
ing the nonlinearity of the molecule itself, and the over
quality of the colloidal crystal.

In conclusion, we have observed a mechanism for SH
attributed to the scattering of SH light from the surface
spherical particles of optical dimensions, when these p
ticles are ordered in a crystalline lattice. We have also de
onstrated phase matching due to the long range periodic
tribution of dielectric material in a three-dimensional latti
of latex microspheres suspended in water. In this n
mechanism of SHG, the nonlinear susceptibility is not d
tated by the properties of a birefringent crystal, since
nonlinearity in the molecule is independent of the pha
matching mechanism that is provided by the existing peri
icity inherent of a photonic crystal. This offers a wide ran
of possibilities in selecting the most adequate nonlinear m
ecule. Note also, that charged polystyrene particles self
ganize in the three-dimensional long range periodic latti
avoiding the use of expensive and time consuming te
niques of multilayer deposition. On the other hand, appli
tions of photonic crystalline lattices are not limited to ef
cient SHG; the flexibility in selecting the nonlinear molecu
makes the nonlinear photonic crystal particularly attractive
the study of surface chemical processes, and in the im
mentation and improvement of nonlinear optoelectronic
vices. Finally, the observation of the scattering of seco
harmonic light from small spherical particles opens up n
possibilities for research in the basic field of propagation
electromagnetic waves in ordered and disordered media
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