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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 Physids$S0003-695(97)03706-4

By the end of the last decade attention was drawn tdrom the interface of two centrosymmetric media, due to the
materials with a 3-dimension&Bd) periodic distribution of lack of inversion symmetry of the surface layérsr scat-
the dielectric constant or photonic band gap matefials,tered by orientational fluctuations of molecules that locally
where it would be possible to control the photons to be emitbreak the macroscopic centrosymmetry of a solufitmour
ted by atoms or molecules embedded in tHemilthough  experiments, to enhance the second order nonlinear interac-
most of the effort in the field focused on the search of ation present at this boundary, we adsorbed a layer of strongly
material that exhibits a full photonic band gap, it has beemonlinear molecules on the surface of each sphere, of a col-
recognized that nonlinear optical effects may play an imporloidal crystal ordered in a face centered cutfix) lattice®
tant role in the development of more efficient optoelectronicStable aqueous suspensions of negatively charged micro-
devices that rely on the special properties of materials thatspheres were coated by dialysis with a positively charged
exhibit a photonic band gap only in selected directions, sucichromophore of a dye molecule with a high nonlinear coef-
as colloidal crystalé.In this letter, we report experimental ficient. The negative surface charge of each sphere as well as
results that show how the scattered light at the double frethe hydrophobic character of sulfate latex microspheres help
guency from the surface of small spherical particles that selthe formation of a surface layer of nonlinear molecules with
organize in a crystalline latticeare used as a new mecha- a preferred orientation of the permanent dipole moment. In
nism for second harmonic generation. The long range perieur experiments we coated 0.115a-diam spheres from In-
odic order of this structure provides, in a natural manner, théerfacial Dynamics Corporation with the chromophore part
necessary phase matching of the incident laser beam and tbé the dye molecule. The polystyrene suspension was dia-
generated beam at the double frequency. In such nonlinedyzed overnight in a X10 ° M aqueous solution of Mala-
colloidal crystals, the nonlinearity of the molecule is notchite Green. With the colloidal suspension of dye coated
linked to the phase matching mechanism, giving an enorspheres a single fcc crystal was formeda 1 mm path
mous flexibility for the application of these nonlinear photo-length cell. The colloidal suspension was added to a cell
nic crystals in the implementation of optoelectronic devices(50x10X1 mm) containing a mixed bed ion exchange resin
as well as in the study of surface chemical processes in i the bottom. After three or four days a single crystal forms
macroscopic sample. as stray ions in solution diffuse to the resin.

Efficient second harmonic generatig§HG) has been For continuous growth of the SH field intensity, in addi-
mostly limited to noncentrosymmetric crystals that must betion to a spatially nonuniform response to the nonlinear in-
also birefringent, providing the phase matching mechanisnteraction, it is necessary to phase match the fundamental and
necessary for a continuous growth of the wave at the doubl&H beams. Pioneering work by Lawanelyal* proposed the
frequency. However, SHG in the dipole approximation, ause of the birefringence exhibited by sheared colloidal crys-
process forbidden in the bulk of centrosymmetric crystalsfals as the phase matching mechanism for nonlinear photonic
would be allowed in a photonic crystal composed of polysty-Crystals. However, in periodic material such as an unsheared
rene spherical particles of optical dimensions ordered in agrystalline lattice, the mechanism of phase matching can be
unsheared lattice, because of the local breaking of the invenaturally provided by the bending of the photon dispersion
sion symmetry at the surface of each spherical particle. As isurve at the boundary of the forbidden zone or Bragg reflec-

well known, second harmonitSH) light may be reflected tion band® Numerical calculations predict a maximum SHG
in reflection or transmission for modes outside but near the
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FIG. 1. Intensity of the second harmonic light generated inside a singld™!G. 2. Reflection of incident light at 532 nm as a function of the angle of
colloidal crystal, measured in a reflection geometry as a function of thehe transmitted beam relative to the normal of thi1) planes for the same

angle of the transmitted fundamental beam relative to the normal of th&Tystals considered in Fig. 1. The open circles correspond to the high sphere
(111) planes. The open circles correspond to a high sphere concentratigfPhcentration crystal, while the solid dots correspond to the low sphere
crystal, while the solid dots correspond to a 25% lower sphere concentratiofoncentration crystal of Fig. 1. The reflected intensity is normalized in the
crystal. The wavelength of the incident laser pulse was 1064 nm. Sing@gure to the reflected intensity at the angle satlsfylng the Bragg condmon,_
crystals were formed in two 1 mm path length cuvettes from two differentthat was meast_Jred to be on average 93%. Both lines connecting the experi-
concentrations of 0.11&m in diameter polystyrene spheres coated with Mental data points are a guide for the eye.
Malachite Green in an aqueous suspension. Both lines connecting the ex-
perimental data points are a guide for the eye.

times the maximum peak for SHG in reflection; a reflection

geometry is considered to simplify the analysis. In such a
effective index of refraction for the wavelength of the SH geometry interference with the SH light generated in the bulk
field. Since the nonlinear material is localized on the surfacgy the cell walls is strongly reduced. Similar measurements
of every sphere of eadi11) plane, and there is no nonlinear \ere taken from a crystal of uncoated spheres at the high
material in between planes, phase matching is from plane tgoncentration, and determined that the Malachite Green mol-
plane. This separation between 14 1) planes can be tuned ecules coating the sphere surface produce an enhancement of

to the desired wavelength, previous to the crystal formationghe second order nonlinear interaction by approximately one
by concentrating the suspension in a dialysis prepared tgrder of magnitude.

remove the adequate amount of water from the colloidal sus- Experimenta| measurements of the passive properties of
pension. the colloidal crystal used were performed to determine the
The prepared sample was excited using an active-passivgigin of the phase matching mechanism involved in the
mode-locked laser emitting 35 ps pulses in the near infraredsHG process. Light at 532 nm, obtained by doubling the
at a wavelength of 1064 nm. The laser pulses of an averaggequency of the laser pulse in a potassium dihydrogen phos-
energy of<5 mJ were focused down to a spot size 2 mm inphate(KDP) crystal, was used to measure the reflectivity of
diameter at the surface of the sample. The polarization of thene colloidal crystal at the frequency of the SH wave. The
incident beam was set to be parallel to the plane of incireflection from thg111) planes of both fcc colloidal crystals
dence, and the polarization of the generated SH beam wag a function of the angle of the transmitted beam relative to
selected using a Glann—Laser polarizer. The SH intensityhe normal of thg111) planes at a wavelength of 532 nm is
was detected using a R212 Hamamatsu photomultiplier tubghown in Fig. 2. Maximum reflection occurs when the Bragg
after passage through a heat absorbing filter and an interfegondition 2dcog=M/n is satisfied at 28.3° for the low sphere
ence filter centered at 532 nm. The wavelength of the geneeoncentration crystal and at 16.7° for the crystal with a
ated beam was determined to be 532 nm using a monochréxigher sphere concentration. As the density of spheres in-
mator with a resolution of 0.1 nm. Measurements of thecreases the angle satisfying the Bragg condition becomes
reflected SH intensity when both the exciting field and thesmaller in proportion to the amount of water removed from
generated field at the double frequency were polarized pathe suspension.Notice by comparing Figs. 1 and 2 that,
allel to the plane of incidence are shown in Fig. 1 as a funcmaximum SH is always generated at the smaller angle side
tion of the angle of the transmitted fundamental beam relaef the corresponding crystal stop band shown in Fig. 2. This
tive to the normal of th€111) planes for two fcc crystals, is consistent with a phase matching of the fundamental and
corresponding to two different sphere concentrations. At é&8H beams due to a decrease of roughly 0.02 in the effective
low sphere concentration a peak of maximum SH intensity isndex of refraction at the left edge of the top band. This
observed at 27.4°, while at a higher concentration the peak ishange in the effective index of refraction for a wave propa-
shifted down to 14.5°. The-polarized SH field intensity gating at the SH frequency is sufficient to overcome the
was measured to be 500 times larger than the intensity fophase lag between the fundamental and SH waves introduced
the SHs-polarized field. Although similar results were ob- by the normal dispersion of watttBy comparing the maxi-
tained in transmission, maximum SHG in transmission is 0.3num power conversion of a crystal 1Qdm thick and the
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maximum conversion at 27.4° shown in Fig. 1 for the 1 mm(possibly through a process of chemical adsorpfiorcreas-
crystal, we can establish the dependence of the SH powéng the nonlinearity of the molecule itself, and the overall
conversion with the length of the crystal. This dependenceuality of the colloidal crystal.
should be quadratic in the case of perfect phase matching. In conclusion, we have observed a mechanism for SHG,
However, in a nonperfect crystal actual power conversion isttributed to the scattering of SH light from the surface of
approximately proportional t&.>* exp (—al), whereL is  spherical particles of optical dimensions, when these par-
the length of the crystal and the extinction coefficient. ticles are ordered in a crystalline lattice. We have also dem-
Scattering losses introduced by defects in the crystalline latenstrated phase matching due to the long range periodic dis-
tice, in addition to the non-negligible absorption cross seciribution of dielectric material in a three-dimensional lattice
tion at 532 nm of Malachite Green, result in an extinctionof latex microspheres suspended in water. In this new
coefficient that was measured at normal incidence to be 2echanism of SHG, the nonlinear susceptibility is not dic-
cm ! for the low sphere concentration crystal. Using thistated by the properties of a birefringent crystal, since the
value for the extinction coefficient in the expression above, aonlinearity in the molecule is independent of the phase
conversion efficiency ratio of 8 is predicted when comparingmatching mechanism that is provided by the existing period-
a 1 mm and a 10@m-thick crystal, in close agreement with icity inherent of a photonic crystal. This offers a wide range
the experimentally measured power conversion at the peadf possibilities in selecting the most adequate nonlinear mol-
of maximum SHG shown in Fig. 1 to be six times larger thanecule. Note also, that charged polystyrene particles self or-
in a 100um-thick crystal. The same quadratic behavior isganize in the three-dimensional long range periodic lattice,
observed in experiments performed using spheres with avoiding the use of expensive and time consuming tech-
smaller diameter and consequently with a lower extinctiomiques of multilayer deposition. On the other hand, applica-
coefficient of 21 cm®. In such a case the experimentally tions of photonic crystalline lattices are not limited to effi-
observed power conversion ratio when compgurinl mm  cient SHG; the flexibility in selecting the nonlinear molecule
and a 100am-thick crystal was 9.5, in close agreement to makes the nonlinear photonic crystal particularly attractive in
the predicted value of 14.5. the study of surface chemical processes, and in the imple-
This second order nonlinear process at the bulk of anentation and improvement of nonlinear optoelectronic de-
centrosymmetric colloidal crystal is attributed to the nonlin-vices. Finally, the observation of the scattering of second
ear molecules adsorbed on each sphere. Contribution to thermonic light from small spherical particles opens up new
global SH field from each sphere in the crystalline latticepossibilities for research in the basic field of propagation of
may be accounted for by using a simple theoretical modeélectromagnetic waves in ordered and disordered media.
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