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Scattering of second-harmonic light from small spherical particles ordered in a crystalline lattice

Jordi Martorell and R. Vilaseca
Department de Fı´sica i Enginyeria Nuclear, Universitat Polite`cnica de Catalunya, 08222 Terrassa, Barcelona, Spain

R. Corbala´n
Department de Fı´sica, Universitat Auto`noma de Barcelona, 08193 Bellaterra, Barcelona Spain

~Received 19 February 1997!

Experimental evidence of scattering of second-harmonic light from the surface of spherical particles of
optical dimensions is presented. This mechanism for second-harmonic generation is observed in a suspension
of monodisperse spherical colloidal particles, ordered in a centrosymmetric crystalline lattice. In this periodic
structure the mechanism of phase matching is provided by the bending of the photon dispersion curve near the
Bragg reflection band. A simple theoretical analysis based on the Rayleigh-Gans scattering approximation
shows that constructive interference of the second-harmonic light scattered from different portions of a single-
sphere surface leads to a nonvanishing field with a quadrupolar distribution intensity pattern.
@S1050-2947~97!06506-2#

PACS number~s!: 42.65.Ky, 42.25.Bs, 42.25.Fx, 78.20.Ci
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I. INTRODUCTION

Light propagation through inhomogeneous media lead
the distortion of an incoming wave front or the well-know
phenomenon of scattering. A general treatment may cons
first the single scattering from each disturbance in the m
dium and then account for the cooperative scattering by
specific spatial arrangement of the disturbances. One of
most relevant consequences of the cooperative scatte
from monodisperse spherical particles of optical dimensi
ordered in a crystalline lattice is the strong reflection
wavelengths satisfying the Bragg condition@1#. Coherent
multiple scattering manifested also clearly in random me
with the observation of enhanced backscattering of light
cident on a concentrated aqueous suspension of latex m
spheres@2#. In the years following this discovery, work wa
aimed at studying the propagation of light and sound@3# in
disordered dielectric materials, such as colloidal particles
TiO2 embedded in polystyrene@4#. Along these lines, severa
experiments using strongly scattering media were devise
the search for photon localization in the time domain@5#.
Coherent scattering may also strongly alter the radia
properties of an oscillating dipole embedded in a crystall
lattice formed by dielectric spheres separated by distance
the order of the wavelength of the emission light@6#. Coher-
ent effects in disordered media were also shown to be
sponsible for the inhibition and enhancement of spontane
emission in random media@7# Laser action has also bee
experimentally demonstrated in such strongly scattering
dia @8#.

Until recently, the study of scattering from particles
optical dimensions was limited for the most part to the line
interaction between the electromagnetic field and the sca
ing material. Limitations in the study of nonlinear scatteri
were imposed by the requirement of a high pumping int
sity and momentum conservation, as well as for the nee
an intrinsic orientation in the material for the observation
a non-negligible lowest-order nonlinear interaction. In 19
the use of birefringent sheared colloidal crystals for opti
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second-harmonic generation~SHG! was suggested by La
wandy, Johnston, and Martorell@9# after a macroscopic ori-
entation of nonlinear molecules was observed in such c
tals @9#. An alternative mechanism for SHG in colloida
crystals considered more recently@10# and in the presen
work is based on the constructive interference of the li
scattered at the double frequency from different portions
the surface of a spherical particle. At the interface betwe
the sphere surface and the surrounding medium second-o
nonlinear processes in the dipole approximation are allow
by the local breaking of the inversion symmetry. As is w
known, second-harmonic~SH! light may be reflected from
the interface of two centrosymmetric media, due to the la
of inversion symmetry of the surface layers@11#, or scattered
by orientational fluctuations of molecules that break loca
the macroscopic centrosymmetry of a solution@12#.

The experimental and theoretical work presented be
shows that SHG in the dipole approximation, a process
bidden in the bulk of centrosymmetric crystals is allowed
a crystal composed of spherical particles of optical dim
sions because of the local breaking of the inversion sym
try at the surface of each spherical particle. Details of
experimental work and methods used to enhance and m
sure the second-order nonlinear interaction present at the
face of a dielectric sphere of optical dimensions are given
Sec. II. In the same section, using intuitive arguments ba
on the theory of Bragg reflection in periodic lattices with
nonlinear material, we show that our experimental measu
ments of SHG in such nonlinear colloidal crystals indica
phase matching of the fundamental and SH waves. In Sec
we present the essential features of a theoretical analysis
veloped to account for the SH light scattered from dielec
spheres located in the sites of a crystalline lattice. In t
model we determine first the spatial distribution of the sc
tered SH light from a single sphere and then consider
cooperative scattering from all spheres located on a pl
normal to the direction of the propagation of the incomi
fundamental beam. Finally, predictions from that model
compared with the experimental results of the obser
4520 © 1997 The American Physical Society
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55 4521SCATTERING OF SECOND-HARMONIC LIGHT FROM . . .
second-order nonlinear process. In Sec. IV we discuss
relevance and applications of this nonlinear phenomenon

II. EXPERIMENTAL METHODS AND DISCUSSION

In our experiments we have considered the SHG from
ordered colloidal suspension of spherical polystyrene p
ticles. In each spherical particle we encounter a lack of
version symmetry across any given portion of the sph
surface. To enhance the second-order nonlinear interac
present at this boundary we adsorbed a layer of stron
nonlinear molecules on the surface of each sphere. St
aqueous suspensions of negatively charged microspher
an 8% concentration from Interfacial Dynamics Corp. we
coated by dialysis with a positive chromophore of a d
molecule with a high nonlinear coefficient. The hydrophob
character of polystyrene particles, as well as the nega
surface charge of each sphere, helps via the attractive C
lombian interaction the formation of a layer of nonline
molecules with a preferred orientation of the permanent
pole moment. In our experiments we coated 0.115-
0.137-mm-diam spheres with the chromophore part of Ma
chite green. Details of the molecular dye coated crys
preparation may be found elsewhere@10# In order to tune the
Bragg refection produced by the~111! planes of the fcc lat-
tice, the colloidal suspensions were concentrated in the
alysis membrane and then diluted appropriately.

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 less than 5 mJ were focused down to a spot si
mm in diameter at the surface of the sample. The polar
tion of the incident beam was set to be either parallel
perpendicular to the plane of incidence and the polariza
of the generated SH beam was selected using a Glann
polarizer. The SH intensity was detected using a R2
Hamamatsu photomultiplier tube after passage throug
heat absorbing filter and an interference filter centered at
nm. Measurements of the reflected SH intensity when b
the exciting field and the generated field at the double
quency werep polarized~polarization direction parallel to
the plane of incidence! are shown in Fig. 1 as a function o
the angle of incidence for a crystal made of 0.115-mm
spheres. Such crystal shows a narrow peak with a maxim
SHG intensity at 14.5°. Keeping the incident fundamen
field p polarized, the maximums-polarized SH field was
measured to be less than 500 times the intensity for
p-polarized SH field. Additional measurements perform
after changing the fundamental field tos polarization re-
sulted in ap-polarized SH field with a 25 times smalle
intensity when compared to the maximum of the SH pe
shown in Fig. 1. However, the intensity of such a field w
on average one order of magnitude larger than
s-polarized field generated in either configuration for the
cident fundamental beam. Although similar results were
tained in transmission, a reflection geometry is considere
simplify the analysis. In such a geometry, interference w
the SH light generated in the bulk of the cell walls is strong
reduced.

Efficient generation of SH light for a given transmissio
angle, as in Fig. 1, requires not only a contribution from ea
he
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sphere in the lattice, but also phase matching of the fun
mental and SH beams. In a periodic material phase matc
is naturally provided by the modulation of the nonlinear su
ceptibility @13# or in the crystalline lattice we consider by th
bending of the photon dispersion curve at the boundary
the forbidden zone@14#. Numerical calculations in a one
dimensional periodic medium predict a maximum SHG
reflection or transmission for modes outside but near the
bidden zone@15#. To confirm that the bending of the photo
dispersion curve near the Bragg reflection band is also
origin of the phase matching in the colloidal crystal used,
performed experimental measurements of its passive pro
ties.

Light at 532 nm, obtained by doubling the frequency
the laser pulse in a potassium dihydrogen phosphate~KD*P!
crystal, was used to measure the reflectivity of the colloi
crystal at the frequency of the SH wave. The reflection fro
the ~111! planes of the fcc colloidal crystal as a function
angle of incidence at a wavelength of 532 nm is shown
Fig. 2. Maximum reflection is obtained within a band ce
tered where the Bragg condition 2d cosu5l/n is satisfied.
For the crystal whose SHG curve is shown in Fig. 1, t
Bragg condition is satisfied at 16.7°, at the center of
reflection band shown in Fig. 2. Notice by comparing Figs
and 2 that maximum SH is generated at the smaller an
side of the crystal Bragg reflection band. This is consist
with a phase matching of the fundamental and SH beams
to a decrease of roughly 0.02 in the effective index of refr
tion at the smaller angle edge of the Bragg reflection ba
This change in the effective index of refraction for a wa
propagating at the SH frequency is sufficient to overcome
phase lag between the fundamental and SH waves introd
by the normal dispersion of water@6#.

For perfect phase matching one should expect a quad
dependence of SHG with the length of the crystal. Howev
scattering losses introduced by defects in the crystalline
tice and dispersion in the spheres size severely limit the c
version efficiency of the nonlinear process. For instan
such scattering losses are seen to become larger when
sphere size is increased, reducing the efficiency of SHG

FIG. 1. Intensity of the second-harmonic light generated insid
single colloidal crystal, measured in a reflection geometry as a fu
tion of the angle of the transmitted fundamental beam relative to
normal of the~111! planes. The wavelength of the incident las
pulse was 1064 nm. A single crystal was formed in a 1-mm-pa
length cuvette of 0.115-mm-diam polystyrene spheres coated wi
Malachite green in an aqueous suspension. The line connectin
experimental data points is a guide for the eye.
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4522 55JORDI MARTORELL, R. VILASECA, AND R. CORBALÁN
shown in Fig. 3 for a crystal made of 0.137-mm spheres~the
vertical scales for Figs. 1 and 3 are given in the same a
trary units!. The Bragg reflection band corresponding to th
crystal is shown in Fig. 4. Notice that although the center
the Bragg reflection band is very close to that for the crys
made of 0.115-mm spheres shown in Fig. 2, the peak
maximum SHG is considerably diminished. With this redu
tion in the maximum intensity is a corresponding broaden
of the SHG curve. Such a decrease in the length for
phase-matching range allows for the observation in Fig. 3
a relative minimum of SHG at the large-angle side of t
Bragg reflection band. At that side of the Bragg reflecti
band the bending of the photon dispersion curve increa
the effective index of refraction, causing an extra phase m
match, resulting in a minimum for SHG. In such imperfe
crystals, actual power conversion should be approxima
proportional toL2exp(2aL), whereL is the length of the
crystal anda the extinction coefficient. Such an extinctio
coefficient was experimentally measured for the crystal
Fig. 2 to be 28 cm21 at normal incidence. Using this valu
for the extinction coefficient in the expression above, a c
version efficiency ratio of 8 is predicted when comparing
1-mm-thick and a 100-mm-thick crystal, in close agreemen

FIG. 3. Reflected SH intensity as described in Fig. 1, fo
crystal fabricated with 0.137-mm-diam spheres. The units of th
vertical scale are the same arbitrary units of Fig. 1.

FIG. 2. Reflection of incident light at 532 nm as a function
the angle of the transmitted beam relative to the normal of the~111!
planes for the same crystals considered in Fig. 1. The refle
intensity is normalized in the figure to the maximum reflected
tensity at the angle satisfying the Bragg condition, which was m
sured to be on average 93%. The line connecting the experime
data points is a guide for the eye.
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with the experimentally measured power conversion at
peak of maximum SHG shown in Fig. 1, which we ha
found to be six times larger than in a 100-mm-thick crystal.

This behavior, in addition to the angular distribution
the reflected SH light shown in Figs. 1 and 3, clearly co
firms a SHG process occurring at the bulk of the colloid
crystal. In conclusion, we attribute the experimental obser
tion of SHG in the bulk of a centrosymmetric colloidal cry
tal to the nonlinear molecules adsorbed on each sphere,
the permanent dipole moment of the molecules oriented
average in the radial direction defined from the center
each sphere.

III. THEORETICAL ANALYSIS

To explain the observed second-order nonlinear proc
we first determined the spatial distribution of the SH lig
scattered from the layer of nonlinear material covering o
dielectric sphere, which was performed by solving Ma
well’s equations with a nonlinear source term. Next we co
sidered the total field generated from a layer of spheres.
analytical solution of Maxwell’s equations may be found
integration using Green’s functional method of the followin
wave equation for the vector potential at the double f
quency:

¹2A1k2~2v!A52m0Jeq, ~1!

where k(2v) is the wave number of the wave at the S
frequency and the termJeq may be considered as an equiv
lent current source that generates the scattered sec
harmonic wave. Inside the volume of the scatterer
equivalent current source is given by

Jeq52 i2v~«0x
~1!E1PNL!

and is zero otherwise. The first term in this expression
counts for the linear polarizability, wherex (1) is the first-
order susceptibility and«0 the dielectric constant of the sur
rounding medium, while the second part accounts for
nonlinear polarizability of the scattering medium.

In the far-field approximation and when there is no fie
incident at the double frequency, integration of Eq.~1! leads
to the following expression for the complex amplitude of t
electric field at the second-harmonic frequency, at a dista
R from the center of the sphere:

FIG. 4. Reflected light at 532 nm as described in Fig. 2, for
crystal fabricated with 0.137-mm-diam spheres considered in Fig.
ed
-
-
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55 4523SCATTERING OF SECOND-HARMONIC LIGHT FROM . . .
E~2v!5
k2~2v!eik~2v!R

4p«0R
E ˆô`ô`PNL~r 8!%

3ei @2k~v! î2k~2v!ô#r8dV8, ~2!

wherek(v) is the wave number of the incident fundamen
wave that propagates in the direction of the unit vectorî and
ô is a unit vector in the direction of the scattered SH wav

The volume integral of Eq.~2! may be performed analyti
cally by taking the field inside the scatterer at the freque
v to be equal to the incident field in the surrounding medi
or, in other words, considering the scattering in the Raylei
Gans regime@17#. The Rayleigh-Gans scattering approxim
tion is valid for a scatterer whose dielectric constant relat
to the dielectric constant of the surrounding medium is cl
to unity @17#. Under the assumptions that the dielect
sphere of diameterD is covered with a homogeneous lay
of nonlinear material of thicknessd, the nonlinear polariz-
ability of each nonlinear molecule in that layer is dominat
by the radial component, and the frequency of the incid
beam lies away from any one- or two-photon resonance
the nonlinear material, analytical integration of Eq.~2! over
the homogeneous layer of nonlinear material leads to
following expression for the electric field at 2v, when the
phase matching conditionk(2v)52k(v) is satisfied:

E~2v!5
ik2~2v!eik~2v!R

R

D8

ks
xsurf

~2!E~v!2„2sin2f cos~u/2!

3F1~u!ŷs1$cos2f cos3~u/2!@2F1~u!12F2~u!#

1cos2f cos~u/2!F1~u!%ô'…, ~3!

where D85D/2 is the radius of the sphere,ks
52k(2v)sin(u/2), andxsurf

(2)5dra r 8r 8r 8
(2) is the surface non-

linear susceptibility, wherer is the density of nonlinear mol
ecules anda r 8r 8r 8

(2) is the only nonvanishing element of th
polarizability tensor. The vectorŷs is a unit vector in the
direction of the cross product of the unit vectorsî and ô and
the vectorô' is a unit vector perpendicular toô and ŷs . The
angle between the incident wave vector and the scatt
wave vector isu and f is the angle between the incide
electric-field vector and the plane of scattering, a plane p
pendicular to the unit vectorŷs and passing through the sca
tering center.E(v) is the amplitude of the incident wave a
the fundamental frequency andF1(u) and F2(u) are two
scattering form factors defined as

F1~u!5
3

ks
3D83

F S 12
ks
2D82

3 D sinksD82ksD8cosksD8G ,
F2~u!5

3

ks
3D83

F S 12
ks
2D82

2 D sinksD8

2S ksD82
ks
3D83

6 D cosksD8G .
By inspection of Eq.~3! and the expression of the form

factors given above we see that the scattering from a si
sphere at the SH frequency vanishes in the forward and b
l

.

y

-
-
e
e

t
of

e

ed

r-

le
k-

ward directions~defined with respect to the propagation d
rection of the fundamental beam! and in general is nonzero
in other directions when the light scattered at the dou
frequency from different portions of the sphere surface int
feres constructively. This fact indicates a quadrupole cha
ter for the spatially nonuniform susceptibility responsible f
the mechanism of SHG presented. Shown in Fig. 5 is the
scattered amplitude along the axes for four values of
angle f~0°, 45°, 90°, and 135°! when the incident wave
propagates along thez axis, thex-z plane corresponds to th
scattering plane, and the spherical particle is located at
origin of the coordinate system. In this configurationf is
also the angle between the polarization vector of the incid
field and thex axis. Notice that thex component of the SH

FIG. 5. Spatial distribution of the amplitude of the scattered
light of a single sphere, for four different values of the anglef,
between the polarization vector of the incident field and the plan
scatteringx-z as a function of the angle of scatteringu. The con-
tinuous line corresponds to thex component of the amplitude, th
dashed line to they component, and the dotted line to thez com-
ponent.
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scattered field has two lobes of the same sign, symme
with respect to thez axis. When one considers the contrib
tion from spheres located on thex axis but away from the
origin, the total contribution from this type of lobe results
a nonvanishing field oriented normal to the direction of t
incident beam. On the contrary, for these same spheres
amplitude of thez component of the SH field would hav
two lobes of opposite sign, resulting in a zero field orien
parallel to the direction of propagation of the incident wav
Contributions from all spheres located on a plane norma
the direction of the incident beam result in a plane wave@18#
with a non-zero-field polarized parallel to the direction
polarization of the incident field and propagating in the
rection of this incident beam. This SH field, partially r
flected by the periodic distribution of dielectric material, m
be detected in either a reflection or transmission geom
@15#. This prediction of the generation of a SH plane wave
in agreement with the experimental observation of a lin
p-polarized SH field intensity that is 500 times larger th
the measured intensity for thes-polarized SH field and
propagating in the direction of the incidentp-polarized fun-
damental wave. The surface character for the observed S
process is further confirmed by the experimental observa
of a SH intensity more than one order of magnitude lar
for the p polarization than for thes polarization when the
incident fundamental beam iss polarized@19#.

The SH amplitude parallel to the plane of scattering
shown in Fig. 6 for several values of the diameter of
spherical particle. Notice that as the diameter of the sph
becomes smaller, the amplitude of the scattered wave
diminishes, approaching zero in the limit of a particle with
small diameter when compared to the wavelength or, in o
words, in the Rayleigh scattering limit, where the interfe
ence from different portions of the sphere surface is alw
destructive. Unfortunately, a quantitative comparison of s
behavior with the experimental results is not possible si
experimentally an increase in the diameter of the spher
followed by an increase in the scattering losses, as poin
out above. Such an increase results in a transmission tha
a 1-mm crystal of 0.137-mm is more than 50 times smalle

FIG. 6. Spatial distribution of the amplitude of the scattered
light with polarization parallel to the plane of scattering of a sing
sphere, for three different sphere diameters, as a function of
angle of scatteringu. The continuous line corresponds to a sphe
diameter of 0.137mm, the dashed line to a diameter of 0.2mm, and
the dotted line to a diameter of 0.3mm.
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than that in a crystal made of 0.115-mm spheres. Such sca
tering losses prevent long-range phase matching in a cry
made of large spheres as indicated by the broadband fo
SHG shown in Fig. 3. In conclusion, the small increase o
would expect for SH scattering when using 0.137-mm-diam
instead of 0.115-mm-diam spheres is completely oversha
owed by the scattering losses.

The theoretical analysis presented above allows for
determination of the scattering radiation pattern for a sin
sphere and provides a basis to consider cooperative sca
ing from spheres located on a given plane, only at a qua
tive level. A more quantitative analysis would require the u
of Mie scattering theory. However, an alternative route
avoid the use of Mie theory would be to approximate ea
crystalline plane by a layer of dielectric material coated w
a nonlinear molecule on both sides@20#. This last model
would still hold the essential features of the SHG proc
observed.

IV. CONCLUDING REMARKS

In conclusion, we have observed and theoretically int
preted a mechanism for SHG attributed to the scattering
SH light from the surface of spherical particles of optic
dimensions when these particles are ordered in a crysta
lattice. We have also demonstrated that phase matching
to a change in the effective index of refractions near the e
of the Bragg reflection band of periodic structures is poss
in a three-dimensional crystalline lattice of latex micr
spheres suspended in water. Although in the present exp
ment the 2.3% dispersion in sphere size, in addition to de
such as vacancies in the crystal lattice, severely limits
conversion efficiency, in calculations using the experimen
parameters and a typical value for the hyperpolarizability
a good nonlinear molecule of 10227 esu, the theoretica
model predicts a nonlinear susceptibility comparable in m
nitude to the susceptibility of the commonly used KDP cry
tals. This value could be further increased by the deposi
of several layers of nonlinear molecules on the surface
each sphere. In addition, in this mechanism of SHG,
hyperpolarizability of the molecule responsible for the no
linear effect is not linked to a crystal symmetry that wou
make the phase-matching mechanism possible, as in c
monly used birefringent crystals. This fact, permits a wi
range of possibilities in the selection of the most appropri
nonlinear molecule. Applications are then not limited to t
generation of efficient second-harmonic light and may
extended to any other nonlinear process that requires
mentum matching. Aside from numerous applications in
development of new nonlinear devices, this flexibility in s
lecting the nonlinear molecule makes these types of st
tures particularly attractive in the study of surface chemi
processes. Finally, we believe that the observation of
scattering of SH light from small spherical particles ope
new possibilities for research in the basic field of propa
tion of electromagnetic waves is ordered and random me
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