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Near-field scattering from red pigment particles: Absorption
and spectral dependence
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When film coatings are made of pigment particles embedded in a transparent resin, the optical
characteristics of the resulting film are determined not only by the bulk optical properties of the
constituent materials, but also by the spatial distribution of the light scattered from small particles.
If the particles are separated by distances comparable to their diameter, as is the case for high
particle concentrations or agglomerated systems, the near-field interactions between the radiation
fields of the particles can strongly influence the resulting far-field intensity distribution. In this work
we have used full-field finite-element solutions of Maxwell’s equations to calculate the near- and
far-field scattering patterns for single 500 nm quinacridone spheres and for pairs of particles. We
find that the scattered intensity forms a forward-directed plume that extends far beyond the particle
surface, especially at short wavelengths and where the absorption is large. This results in near-field
interactions between pairs of particles that can either increase or decrease the scattering~both the
total scattering and the fraction of the scattered light that is directed into the backward hemisphere!,
depending on the orientation of the particle pair relative to the direction of the incident light. In
some cases, particularly if the particles are aligned along the incident direction, the two spheres can
produce a far-field scattering distribution that is approximately that of a single, larger~sometimes
much larger! sphere. If the particles are aligned perpendicular to the incident direction, the strength
of the scattering per particle volume is roughly the same as for a single particle, but the scattering
is more forward directed. These interaction effects occur even though the surface-to-surface
separation of the particles is larger than the distance for which a single particle shows significant
scattered intensity. These near-field and far-field phenomena are beyond the limitations of
single-scattering and independent multiple-scattering approaches, and the near-field interactions can
have a significant effect on the scattering of light from films containing such particles, especially if
they tend to form oriented clusters. ©2001 American Institute of Physics.
@DOI: 10.1063/1.1336564#
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I. INTRODUCTION

The subject of the scattering of electromagnetic radiat
by particles is an old and wide-ranging one. Its applicatio
include such phenomena as the blue sky and other a
spheric phenomena,1 the obscuration of galaxies by interste
lar dust,2 the curing of photopolymers for stereolithography3

the transparency of fishes4 and the human cornea,5 the effi-
ciency of phosphors,6 and the appearance of reflective d
play materials,7 paint,8 and paper.9

When film coatings are made of pigment particles e
bedded in a transparent resin, the optical characteristic
the resulting film are determined not only by the bulk optic
properties of the constituent materials, but also by the mic
structural arrangement of the particles and the spatial di
bution of the light scattered from these small particles. If
particles are separated by distances comparable to the
ameter, as is the case for high particle concentrations or

a!Author to whom correspondence should be addressed; electronic
mcneil@physics.unc.edu
1890021-8979/2001/89(3)/1898/9/$18.00
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glomerated systems, the near-field interactions between
radiation fields of the particles can strongly influence t
resulting far-field intensity distribution.

For single particles of simple shapes, it is possible
calculate analytically the intensity of the scattered light, u
ing approaches such as Mie theory.10 If the particles are suf-
ficiently far apart that the scattered radiation from the diff
ent particles can be added incoherently, then the scatte
can be completely described by this analysis. In many ap
cations of light scattering, in particular in paints, pigmen
and coatings, the particles are sufficiently close together
their radiation fields interact. In this case the scattering fr
one particle is affected by the adjacent particles, and
assumption of independent scatterers no longer holds. T
the near-field intensity pattern becomes crucial, becaus
determines the interaction of the radiation fields of the p
ticles with one another. Models that deal exclusively with t
far field then become inadequate to fully characterize
scattered radiation.

Mie theory, though exact for the particular case of
single spherical particle in a nonabsorbing medium, is
il:
8 © 2001 American Institute of Physics
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easily extended to the realistic situation of multip
irregularly shaped, interacting particles in an absorbing m
dium. Mie theory is also typically used only to compute t
extinction cross section rather than the details of the elec
field at all locations in space, and thus it is difficult to extra
information about the near-field intensity distributions th
are crucial in understanding the interactions of clos
spaced particles. To calculate the scattering in such cas
is necessary to abandon the analytic approach and ins
use numerical methods. This can be done with a fin
element method, in which the volume containing the scat
ers and the medium is divided up into discrete regions
are small compared to the wavelength and the particle s
Maxwell’s equations are then solved in each region fo
given incident wave, using the appropriate optical consta
for the material of which the region is composed. This ne
field solution thus obtained can then be extrapolated to
far field by simply allowing it to propagate through a un
form medium. This technique can in principle be used
calculate the scattering from any number of arbitrar
shaped, inhomogeneous, optically anisotropic particles
any configuration, if the necessary computing pow
is available.

In previous publications11–13 we have applied this tech
nique to individual particles and small clusters of TiO2 in
resin and latex in water, at a single wavelength. Here
consider quinacridone pigment particles in a transpa
resin, at a range of wavelengths in the visible light ran
The pigment and resin are typical of those used for auto
tive paints. Quinacridone (C20H12N2O2), a nonazo organic
pigment, has two strong absorption bands centered at
and 550 nm, which color it red in reflection and transm
sion. The extinction coefficientkparticle is in the range 1022

,kparticle,1 for all but the longest wavelengths in the rang
This is in contrast to our earlier work, in which we examin
particles whose absorption was negligible at the wavelen
considered. However, as in our previous work, the particl
in the resonant regime, in which the particle diameter is co
parable to the wavelength of light in the medium. Spec
cally, for this system the Mie size parameterx
52panmedium/l, wherea is the diameter of the particle,l is
the wavelength of light in vacuum, andnmedium is the index
of refraction of the resin atl, is in the range 5,x,20. In
this regime the scattering is strong, especially when weigh
by the volume of the particle. However, it is also strong
forward directed rather than being isotropic, as would be
case for a very small particle.

In this work we present calculations of the near- a
far-field distributions of scattered light from single quinac
done spheres of 500 nm diameter, embedded in an ac
resin in the wavelength range 250<l<850 nm. We per-
formed the calculations for four types of cases: with realis
values for the index of refraction and extinction coefficie
of both the particle and the medium, with the absorption
the particle artificially set to zero, with the absorption of t
medium artificially set to zero, and with absorption cons
ered in neither the particle nor the medium. These last th
cases are of course not physically realizable, since the in
of refraction and the extinction coefficient are linked throu
Downloaded 11 Jan 2001  to 152.2.6.158.  Redistribution subject to 
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the Kramers–Kronig relations and cannot be changed in
pendently. However, these nonphysical situations do al
us to examine explicitly the effects of absorption, i.e., t
loss of light from the radiation field, independent of effec
due to the magnitude of the wavelength relative to the p
ticle diameter.

To probe the interactions between particles that re
from the spatial distribution of the scattered intensity, w
have also calculated the near- and far-field distributions
pairs of particles in two different configurations: side-b
side, with the centers of the two particles along a line p
pendicular to the direction of the incident light; and in-lin
with the centers of the two particles along a line parallel
the incident direction. The surface-to-surface spacing of
particles in each configuration is 125 nm. Measured in un
of the wavelength of the light in the medium, this spaci
ranges from 0.73l/nmediumat l5270 nm to 0.25l/nmediumat
l5750 nm. If this spacing is taken as the average spacin
a large ensemble of particles, it would correspond to a p
ticle volume concentration~PVC! of 51.2%, which is much
higher than that typically used in pigment applications. Ho
ever, even at much lower concentrations~for which the av-
erage interparticle spacing is much larger!, in a random ar-
rangement of particles it can be expected that such c
approaches will occur. In a system in which agglomerat
tends to occur, as is commonly the case for pigments, s
close approaches are quite likely and can profoundly af
the optical properties of the resulting film.

II. CALCULATIONAL TECHNIQUES

The optical constants used in these calculations w
those of bulk quinacridone and of an acrylic resin. The p
ment and resin are typical of those used in the manufac
of automotive coatings. The optical constants of the quin
ridone as a function of wavelength were kindly provided
Dr. P. Bujard of Ciba Specialty Chemicals. The optical co
stants of the acrylic resin were obtained from spectrosco
ellipsometry measurements performed by M. F. Lemon
DuPont. The relative refractive index~index contrast! of the
particle in the resinm5nparticle/nmediumranges from approxi-
mately 1.3 to 1.8 over the visible wavelength range. F
comparison, a typical value form for TiO2 in resin in the
middle of the visible range is 1.8, andm51.15 for latex in
water at 488 nm. The Mie size parameterx ranges from 19.9
to 5.4. The particles are therefore not small compared to
wavelength~in which case Rayleigh theory would apply!,
nor are they large enough to be in the regime of geometr
optics. They are larger than those considered in our prev
calculations, for whichx'3.4.

The finite element method adopted in this work to co
pute the electromagnetic radiation scattering of single-
multiple-particle films makes use of the programEMFLEX

~Weidlinger Assoc.!. It is based upon piecewise solutions
the time-domain form of Maxwell’s equations in source-fr
space given in Eq.~1!, where the computational domain
discretized into a finite number of volume elements. In E
~1!, E is the electric field amplitude,e is the electric permit-
AIP copyright, see http://ojps.aip.org/japo/japcpyrts.html.
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tivity of the medium, andm is the magnetic permeability o
the medium

¹2E2em
]2E

]t2 50. ~1!

The parameters required to construct the finite elem
models used throughout this study consist of the edge dim
sions in a Cartesian coordinate system, the finite elem
mesh density, the particle positions, the particle shapes,
the wavelength-dependent optical properties of the mate
contained in the model. The number of elements in a part
lar model varies according to the edge dimensions and
mesh density. Typical models contain between 5 and 10
lion elements. A plane wave of circularly polarized electr
magnetic radiation is propagated through the model in
time domain while the nodal electric and magnetic fields a
amplitudes are computed at each time step. The resu
total and scattered intensities are available at each node
every time step, however, only steady-state results are
interest in this work. To obtain the far-field scattered inte
sities, the near-field scattered intensities are extrapol
onto the surface of a far-field sphere with a radius that is v
large compared to the wavelength of the electromagnetic
diation.

Once the far-field scattered electric field and intensit
have been extrapolated, macroscopically observable phy
quantities such as the scattering cross-sectionCscaof the an-
gular distribution of the scattered light can be computed. T
scattering cross-sectionCsca defined in Eq.~2! is expressed
in units of area, whereu is the scattering angle,I 0 is the
incident radiation intensity, andI sca(u) is the scattered inten
sity on the surface of the far-field sphere over which
surface integral is performed

Csca5
1

I 0
E E

4p

I sca~u!dV. ~2!

The scattering coefficientS is defined as the scatterin
cross section normalized by the volume of the scattering
terial in the model. In Eq.~3!, the scattering coefficientS is
expressed in units of inverse length

S5
Csca

V
. ~3!

In addition to the finite-element calculations that for
the bulk of this work, we have also performed some anal
cal calculations of far-field scattering from single sphe
using Mie theory. In these calculations we have made us
the programMIETAB.14

III. RESULTS

A. Absorbing quinacridone particle in absorbing
resin

1. Short-wavelength, high-absorption region
„250ËlË370 nm …

In this region the extinction coefficientkparticle of quina-
cridone ranges from 0.02 to 0.87, with the maximum abso
tion occurring atl5270 nm. The Mie size parameter is
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nt
n-
nt
nd
ls

u-
e

il-
-
e
d
ng
for
of
-
ed
y
a-

s
cal

e

e

a-

i-
s
of

-

the range 13.2,x,19.9. An example of the scattering pa
tern can be seen in Fig. 1~a!. As in thin-film structures, in-
terference between waves scattered from different surfa
produces regions of enhanced or diminished intensity at v
ous locations in the scattering pattern. For wavelengths n
250 nm, the most striking aspect of the scattered inten
distribution is the plume of scattered radiation that exten
away from the particle in the forward-scattering~down-
stream! direction. This plume is detached from the partic
with a local minimum in the scattered intensity occurring
the surface of the particle. The maximum in the scatte
intensity, which is located approximately 300 nm from t
surface, can be as high as 2.4 times the incident inten
Clearly an adjacent particle that fell within this plume wou
have its radiation field strongly influenced by the scatte
light from the first particle. This will be illustrated when w
consider the two-particle scattering patterns. The plume
tends to a distance of approximately 1mm from the surface
of the particle and is about 300 nm wide.

At slightly longer wavelengths the local minimum im
mediately downstream of the particle becomes more p
nounced, and a torus of scattered intensity appears, with
local maximum in the intensity centered at about 15° fro
the forward-scattering direction. This torus becomes m
pronounced at larger wavelengths, eventually becom
completely detached from the central plume. As the wa
length is further increased, the central local minimu
abruptly disappears and the plume becomes connected t
particle. The maximum intensity also abruptly increases
that scattered intensities of more than twice the incident
tensity extend as far as 600 nm from the particle surface

The two particles in the side-by-side configuration atl
5270 nm @Fig. 1~b!# demonstrate striking effects of the in
teraction of their radiation fields. These dramatic variatio
in the local electric field are characteristic of photonic cry
tals, in which dielectric particles are arranged in ordered
rays to produce optical stop bands in particular directio
Not only is there significant scattered intensity between
two plumes approximately 310 nm downstream of the p
ticle surfaces, interference effects produce a wider region
extinction in the center of the pattern, causing the axis
symmetry of each plume to deviate from theu50 direction.
Approximately 540 nm downstream of the particle surfac
the plumes begin to spread toward one another, and at lo
wavelengths the scattered light forms a single plume c
tered between the two particles.

In the in-line configuration@Fig. 1~c!#, the maximum in-
tensity occurs at essentially the same location as for
single-particle case. The region between the two partic
shows interference fringes due to reflection by the sec
particle of light scattered from the first. The most strikin
effect of the addition of the second particle, however, is
extension of the scattering plume to a distance several
crons downstream of the particles. Although the intensity
this extended plume is not so large~approximately 80% of
the incident intensity!, it is much larger than the scattere
intensity outside the plume~which is negligible!. Thus, two
particles in this in-line configuration can thereby extend th
optical influence over a large region downstream.
AIP copyright, see http://ojps.aip.org/japo/japcpyrts.html.
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2. Low-absorption, high-scattering region „370Ël
Ë510 nm …

In this wavelength range, the basic shape of the sca
ing pattern remains constant but the maximum scattered
tensity changes. An example can be seen in Fig. 1~d!. The
maximum intensity, now located at the particle surface, ri
to 22.9 times the incident intensity atl5390 nm. At this
wavelength the absorption has a minimum atk50.006 and
x512.4. At longer wavelengths the maximum intensity d
clines as the absorption increases.

The two particles in the side-by-side configuration atl
5390 nm @Fig. 1~e!# show a pattern very similar to that a
270 nm. In the in-line configuration@Fig. 1~f!#, essentially all
of the scattering is confined to the region between the p
ticles.

3. High-absorption, moderate-wavelength region „510
ËlË610 nm …

In this wavelength range the absorption continues to
crease, reaching a maximum ofkparticle50.68 atl5560 nm
before declining steeply. The location of the maximum
tensity region again begins to shift away from the parti
surface, as it did in the high-absorbance region at sho
wavelengths. An example can be seen in Fig. 2~a!. Even at a
distance of 250 nm downstream from the surface, the in
sity remains above five times the incident value.

The two particles in the side-by-side configuration atl
5560 nm@Fig. 2~b!# show a pattern that is similar to that fo
smaller wavelengths, but with some notable differences.
axes of symmetry of the individual plumes now deviate
ward from theu50 direction. The single centered plum
now appears much closer to the surface of the particles,
distance of 420 nm downstream.

In the in-line configuration, the scattering pattern is e
sentially two single-particle plumes stacked on one anot
The highest scattered intensity occurs between the parti
as for 390 nm light, but for the longer wavelength the diffe
ence in intensity between the absolute maximum there
the local maximum in the plume is small. The effect of a
sorption is therefore to distribute the scattered intensity m
evenly throughout the volume surrounding the particles.

4. Long-wavelength, high-scattering region
„610ËlË850 nm …

For l.610 nm the extinction coefficientkparticle,0.02
and absorption plays a negligible role in determining
scattering pattern. In this region the basic shape of the s
tered radiation remains the same, but the maximum inten
declines. An example can be seen in Fig. 2~d!. At l
5750 nm the maximum intensity occurs inside the partic
at theu50 position near the surface. The scattered inten
extends approximately 250 nm away from the particle s
face.

The two particles in the side-by-side configuration atl
5750 nm @Fig. 2~e!# show a pattern similar to that seen
Fig. 1~e!. Here, however, the centered plume begins o
about 170 nm downstream of the particle surfaces. T
Downloaded 11 Jan 2001  to 152.2.6.158.  Redistribution subject to 
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maximum scattered intensity~which occurs inside the par
ticles at this wavelength! is very similar to that for a single
particle.

In the in-line configuration@Fig. 2~f!#, the maximum of
the scattered intensity increases, and it occurs in the do
stream particle, at roughly the same position as in the sin
particle case. The region between the two particles has v
little scattered light.

B. Effects of particle and resin absorption

The effects of absorption of light by the particle on th
distribution of scattered light in the near field~as opposed to
its maximum intensity! are significant only in wavelength
regions where the extinction coefficient of the quinacrido
is larger than approximately 0.02.

For the short-wavelength, high absorption region (2
,l,370 nm) the case in which the absorption has be
‘‘turned off’’ ~but, unrealistically, the index of refraction re
mains the same!, the scattered light is concentrated in a ‘‘h
spot’’ at the surface of the particle, reaching a maximu
intensity of 43.7 times the incident intensity. This is a mu
larger concentration of scattering than was seen11 for a 200
nm TiO2 particle at 560 nm, despite the fact that the ind
contrast in the quinacridone case~1.47! is smaller than for
the TiO2 case~1.81!. However, the smaller size paramet
(x518.3 for quinacridone versus 3.4 for TiO2! leads to a
much higher scattering cross sectionCsca for the quinacri-
done particle~0.40 vs 0.06mm2!, although the volume-
normalized scattering coefficientS5Csca/(pa3/6) is larger
for TiO2.

A qualitative comparison of the absorbing and nona
sorbing cases in this wavelength region shows that the ef
of absorption is to produce a plume of scattered intensity
some distance from the particle in the forward-scattering
rection. This means that the maximum in the intensity of
light scattered from the particle occurs at 250 nm or m
away from the particle.

In the absorption band that occurs at longer waveleng
(510,l,610 nm), the ‘‘removal’’ of absorption from the
particle does not change the shape of the scattering pa
significantly. However, the intensity maximum, located
the particle surface atu50, is as much as ten times larger fo
the nonabsorbing particle than for the absorbing one. T
effect of absorption in the particle in this region is therefo
primarily to suppress the scattered intensity, rather than
change its spatial distribution. This is in contrast to t
shorter-wavelength region, in which the presence of abso
tion strongly modifies the scattering pattern.

The extinction coefficient of the acrylic resin used
these calculations is small for most of the wavelength ra
considered. It rises above 1023 only for wavelengthsl
,320 nm, and even atl5250 nm, kmedium is only 8
31023. The effects of absorption in the medium are the
fore only noticeable at the shortest wavelengths, where t
reduce the intensity of the scattered light in the high-intens
region by about 10%.
AIP copyright, see http://ojps.aip.org/japo/japcpyrts.html.
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FIG. 1. ~Color! Scattered intensity for absorbing particles in absorbing resin. All intensity scales in units of incident intensity.~a! Single particle,l
5270 nm. Spatial scale 1mm32 mm, intensity scale 2.17~red!—2.3231023 ~blue!. ~b! Two particles in the side-by-side configuration,l5270 nm. Spatial
scale 2mm32 mm, intensity scale 2.22~red!—1.8331023 ~blue!. ~c! Two particles in the in-line configuration,l5270 nm. Spatial scale 1mm35 mm,
intensity scale 1.81~red!—2.2031023 ~blue! ~d! Single particle,l5390 nm. Spatial scale 1mm32 mm, intensity scale 23.4~red!—4.5931023 ~blue!. ~e!
Two particles in the side-by-side configuration,l5390 nm. Spatial scale 2mm32 mm, intensity scale 22.8~red!—5.9731023 ~blue!. ~f! Two particles in
the in-line configuration,l5390 nm. Spatial scale 1mm35 mm, intensity scale 23.4~red!—2.4931023 ~blue!.
Downloaded 11 Jan 2001  to 152.2.6.158.  Redistribution subject to AIP copyright, see http://ojps.aip.org/japo/japcpyrts.html.
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FIG. 2. ~Color! Scattered intensity for absorbing particles in absorbing resin. All intensity scales in units of incident intensity.~a! Single particle,l
5560 nm. Spatial scale 1mm32 mm, intensity scale 2.07~red!—3.9031023 ~blue!. ~b! Two particles in the side-by-side configuration,l5560 nm. Spatial
scale 2mm32 mm, intensity scale 1.93~red!—3.0431023 ~blue!. ~c! Two particles in the in-line configuration,l5560 nm. Spatial scale 1mm35 mm,
intensity scale 2.07~red!—4.0531023 ~blue! ~d! Single particle,l5750 nm. Spatial scale 1mm32 mm, intensity scale 10.4~red!—4.7631023 ~blue!. ~e!
Two particles in the side-by-side configuration,l5750 nm. Spatial scale 2mm32 mm, intensity scale 10.2~red!—2.7531023 ~blue!. ~f! Two particles in
the in-line configuration,l5750 nm. Spatial scale 1mm35 mm, intensity scale 16.5~red!—4.3731023 ~blue!.
Downloaded 11 Jan 2001  to 152.2.6.158.  Redistribution subject to AIP copyright, see http://ojps.aip.org/japo/japcpyrts.html.
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C. Far-field scattering

The far-field scattering patterns are, as expected, m
simpler than the near field. For an isotropic sphere, the
field pattern for a single particle can be calculated anal
cally, using Mie theory. The angular distribution of the sc
tered radiation obtained here from theEMFLEX calculations
agrees with the analytical calculation to within the accura
of the finite element model~which for the number of ele-
ments used in these calculations is approximately 3%!.13 The
far-field radiation is strongly forward directed because
size of the particle is comparable to the wavelength of
light. The half angle of the forward cone containing 50%
the scattered radiation ranges from 8.5° atl5250 nm 31.5°
at 850 nm. The backscattered portion of the radiationB, ~the
fraction of the scattered light with scattering anglesu.90°!,
which is most relevant for applications in pigments and co
ings, never exceeds the 14% reached for 610 nm light.
values ofB as well asCsca andS obtained from theEMFLEX

calculations are shown in Table I for a single particle and
two particles in the in-line and side-by-side configuration

For the single particle the parameters have the sa
trend with wavelength, being larger at wavelengths wh
the absorption is low and smaller where the absorption
high. Comparison ofB for wavelengths at which the absorp
tion is similar shows that for a single particle the scatter
tends to become less anisotropic as the wavelength beco
larger relative to the particle size.

When two particles are present, the far-field parame
depend on the configuration, and in a rather complex way
the particles were far enough apart to be considered si
scatterers, the totalCsca would simply be proportional to the
number of particles, andSandB would be the same as for
single particle. At wavelengths where the absorption is hi
this is approximately the case. However, if the two partic
are in the in-line configuration,S decreases, an effect mor
pronounced at 560 nm than at 270 nm. This might be

TABLE I. Far-field scattering parameters for single quinacridone parti
two particles in the in-line configuration, and two particles in the side-
side configuration.B is the backscattering fraction;Csca is the scattering
cross section;S is the scattering cross section divided by the volume of
particle; andR is the calculated pseudoreflectance.

Wavelength Absorption
Single
particle In-line Side-by-side

270 nm 0.873 B 3.67% 1.95% 2.70%
Csca(mm2) 0.236 0.418 0.532
S ~mm21! 3.606 3.193 4.064
R 2.23% 0.99% 1.96%

390 nm 0.006 B 6.87% 12.51% 6.65%
Csca(mm2) 0.691 0.684 1.324
S ~mm21! 10.558 5.225 10.115
R 23.43% 20.46% 21.70%

560 nm 0.677 B 4.63% 4.87% 4.22%
Csca(mm2) 0.245 0.332 0.498
S ~mm21! 3.743 2.536 3.804
R 2.70% 1.54% 2.52%

750 nm 0.000 B 7.37% 8.37% 6.76%
Csca(mm2) 0.683 0.415 1.349
S ~mm21! 10.435 1.176 10.306
R 25.64% 3.28% 23.22%
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pected since the second particle lies in the shadow of
first, and the first particle’s absorption prevents some of
light from reaching the second particle and being scatte
by it. In the side-by-side configuration the interaction of t
particles enhances their scattering andS is increased over the
single-particle value. In both cases the interaction of the p
ticles modifies the scattering from that expected in a sing
scattering picture.

At wavelengths where the absorption is negligible~390
and 750 nm!, the side-by-side configuration produces
roughly constantS. The interaction of the radiation fields o
the two particles therefore does not enhance the scatte
when absorption is not present. For the in-line configurati
at 390 nmCsca is almost unaffected by the addition of th
second particle, whereas at 750 nmCsca actually decreases
when the second particle is added. This behavior canno
explained in an independent multiple-scattering picture
nonabsorbing particles, in which light scattered from o
particle either continues to the far field or is scattered a s
ond time by the other particle.

IV. DISCUSSION

A. Near-field interactions

The most striking characteristic of these scattering p
terns is the long scattering plume, which extends the pa
cle’s influence far away from its surface, especially when
absorption is strong and the wavelength is short. This plu
means that the addition of a second particle may either
crease the fraction of the light that is backscattered or
crease it, depending on the location of the second part
relative to the direction of the incident light. Statistical
averaged calculations over random microstructures will
viously fail to capture the true nature of the near-field int
action. Since the purpose of a pigmented coating is to p
duce backscattering of incident light, the details of this ne
field interaction and its effect on the fraction of the incide
light scattered into the backward hemisphere are quite
portant in applications. In a random array of particles, in-li
and side-by-side configurations are equally likely. Howev
if the processing of a film tends to produce clusters of p
ment particles with a preferred orientation, one configurat
may predominate. In a photonic crystal, in which the p
ticles are deliberately placed in an ordered array, these n
field effects form the basis of the phenomenon of optical s
bands.

If more than one particle is present, then each part
will be excited by a field that is the sum of the incident fie
and the scattered fields of the other particles. The parti
can be considered independent if they are far enough a
that the scattered field from the two particles is simply t
sum of the scattered fields that would be present due to
individual particles. This is clearly not the case for the sp
ings considered here. Even for the side-by-side configu
tion, where for the single particle the scattered intensity 1
nm away from the surface in a direction perpendicular to
incident direction is negligible, the presence of the seco
particle modifies the scattering pattern in regions far from
particle surfaces. This can be seen most clearly in the app

,
-
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ance of scattered intensity along the line joining the part
centers, especially atl5560 nm. Similar results have bee
seen for two TiO2 particles in close proximity.11,13

B. The far field

In the far field,Cscameasures the strength of the scatt
ing, and for a single particle it depends in a complicated w
on the particle size and optical constants~index of refraction
and extinction coefficient!, the optical constants of the me
dium in which the particle is embedded, and the wavelen
of the light. The volume-normalized parameterS is of even
more direct relevance to applications in pigments and c
ings, since a system with a largerS can produce the sam
degree of opacity or ‘‘hiding’’ with a smaller quantity o
pigment. In previous studies of clusters of seven particle
the high-contrast system of 200 nm TiO2 spheres in resin13

we observed that the effects of particle interaction on
volume-normalized scattering parameterS became signifi-
cant when the particles had a surface-to-surface separatL
of less than 200 nm for illumination atl5560 nm. This
corresponded to a separation measured in wavelength
Ll5nmediumL/l50.5. Essentially no change inS was ob-
served for separationsLl>0.8. Similar results were obtaine
for pairs of particles of more realistic shapes. These calc
tions were performed for random illumination direction, a
thus included both in-line and side-by-side configuratio
For the quinacridone-resin system at the surface-to-sur
spacingL5125 nm considered here, we have values ofLl

from 0.7 at short wavelengths to 0.2 at long wavelengt
Based on our findings in TiO2, we would expect that inter
action between the radiation fields of the particles wo
have a significant effect on the scattering parameter, and
this effect would be more pronounced for shorter wa
lengths. As we shall see, the presence of absorption com
cates the situation considerably.

However, some insight can be gained by comparing
scattering of the two particles to that of a single, larger p
ticle. The diameter of the equivalent single particle~i.e., the
single particle that gives the sameS! can then be calculate
using Mie theory. The diameter at whichShas its maximum
for a given wavelength is less than or equal to 500 nm for
wavelengths considered here, so increasing the particle
decreases the volume-normalized single-particle scatte
This is similar to the case of the TiO2 particles considered
previously,11 for which the 200 nm diameter produced th
maximumS for a single particle at the wavelength for whic
the calculation was done. The diametersdequ of the spheres
that give the same value ofS for the various wavelengths ar
shown in Table II, together with the fraction of the incide
light that would be scattered into the backward hemisph
by a single sphere of that diameter.

A sphere with volume equivalent to that of two 500 n
spheres would have a diameter of 630 nm. This is alm
exactly the diameter of the single sphere that gives the s
S as the two in-line spheres under 390 nm illumination, b
at longer wavelengths the two particles give anScorrespond-
ing to a single particle that is considerably larger. The int
action of the two particles therefore encompasses a vol
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that is considerably larger than the actual volume of the p
ticles.

The behavior of the anisotropy of the scattering, i.e.,
backscattering fraction, is less straightforward. In a multip
scattering picture, in which the totalCscais enhanced by light
scattered from one particle being scattered a second tim
a second particle, the strongly forward-directed characte
the single-particle pattern would be modified by the prese
of the second particle, so that the portion of the light sc
tered at angles away from the illumination direction wou
be expected to be larger for two particles than for one. T
effect is well known in the case of pigments, in which mu
tiple scattering produces significant diffuse reflectance e
if the single-particle scattering is strongly forward directe
However, two particles in the side-by-side configuration a
tually scatter asmaller fraction of the incident light into the
backward hemisphere than does a single particle, espec
at the shortest wavelength. Here the interaction of the ra
tion fields of the two particles produces a scattering patt
that is more strongly forward directed than that of a sing
particle. Such a scattering pattern would be characteristi
a larger particle.

For the in-line configuration the picture is different. E
cept at 270 nm, the presence of the second particle incre
the fraction of the scattered light that is directed into t
backward hemisphere, as would be expected in a multi
scattering picture. The values obtained are quite simila
those for the equivalent-S sphere~sphere of diameterdequ!,
as shown in Table II. However, for the short-waveleng
case, where the surface of the second particle is loca
where the maximum of the scattered intensity for the fi
particle would otherwise occur, the effect of the second p
ticle is to reducethe backscattering. Thus, in effect, the tw
particles together produce a scattering pattern that is m
strongly forward directed than would either one alone, a
than they would if combined into a single sphere.

In order to relate these findings to measurable opt
properties of real films, we have calculated a pseudorefl
tanceR for each case~with the results shown in Table I!.
This quantity should behave similarly to the measured d
fuse reflectance. It is formed from the backscattering fract
B, multiplied by the scattering efficiencyCsca/pp(a/2)2

~where a is the particle diameter andp is the number of
particles, either 1 or 2! to account for the variation of the
total scattering with wavelength. This is in turn multiplied b
the albedoCsca/Cext to account for absorption. The resultin
pseudoreflectanceR is thus

TABLE II. Diameter of sphere withS value equal to that of two 500 nm
spheres in the in-line configuration, and fraction of light scattered into
backward hemisphere for a sphere of that diameter. Note that a sphe
volume equal to that of the two 500 nm spheres would have a diamete
630 nm.

Wavelength dequ ~nm!
EquivalentB

~%!

270 566 3.64
390 633 11.55
560 724 4.20
750 3000 7.53
AIP copyright, see http://ojps.aip.org/japo/japcpyrts.html.
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R5B
Csca

pp~a/2!2

Csca

Cext
.

Not surprisingly, the greatest reflectance occurs at wa
lengths for which the absorption is smallest, so that the li
has the greatest probability of being scattered back ra
than absorbed. The orientation of the particles plays a
nificant role in such cases, as is demonstrated by the w
variation in R at 750 nm for different orientations. Whil
such a calculation would not be expected to reproduce qu
titatively the measured reflectance of a real film, the va
tion in R with wavelength shown here is qualitatively simil
to what we have measured15 in real quinacridone films for
PVCs of;14% or less.

V. CONCLUSIONS

In this work we have used full-field finite-element sol
tions to Maxwell’s equations to calculate the near- and f
field scattering patterns for single 500 nm quinacrido
spheres and for pairs of particles. We find that the scatte
intensity forms a forward-directed plume that extends far
yond the particle surface, especially at short wavelengths
where the absorption is large. This results in near-field in
actions between pairs of particles that can either increas
decrease the scattering~both the total scattering and the fra
tion of the scattered light that is directed into the backw
hemisphere!, depending on the orientation of the particle p
relative to the direction of the incident light. This nonmon
tonic behavior cannot be extracted from an independ
multiple-scattering picture, nor from a statistically averag
calculation over a random microstructure. This anisotropy
the effects of particle interactions is also the basis for
formation of optical stop bands in photonic crystals. In so
cases, particularly if the particles are aligned along the in
dent direction, the two spheres can produce a far-field s
tering distribution that is approximately that of a sing
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larger ~sometimes much larger! sphere. If the particles are
aligned perpendicular to the incident direction, the stren
of the scattering per particle volume is roughly the same
for a single particle, but the scattering is actually more f
ward directed, rather than less so as would be expected f
a multiple-scattering approach. These interaction effects
cur even though the surface-to-surface separation of the
ticles is larger than the distance for which a single parti
shows significant scattered intensity. Such near-field inte
tions can have a significant effect on the scattering of li
from films containing such particles, especially if they te
to form oriented clusters.
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