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Íàòàëèÿ Äóøêèíà, Öåöî Äóøêèí, Êóíèàêè Íàãàÿìà. ÄÈÔÐÀÊÖÈß ÎÒ ÌÎ-
ÍÎÑËÎÉÍÈ ËÀÒÅÊÑÍÈ ÊÐÈÑÒÀËÈ

Òóê íèå èçìåðâàìå äèôðàêöèîííàòà åôåêòèâíîñò íà ðåøåòêà, ñúñòîÿùà ñå îò
äâóìåðåí ëàòåêñåí êðèñòàë âúðõó ñòúêëåíà ïîäëîæêà. Ìèêðîííèòå ïî ðàçìåð ñôå-
ðè÷íè ÷àñòèöè ñà íàíåñåíè â ìîíîñëîéíà ðåøåòêà ñ õåêñàãîíàëíà îïàêîâêà, èçïîë-
çâàéêè èçñúõâàùà êàïêà îò âîäíà ñóñïåíçèÿ âúðõó ïîäëîæêàòà. Äèôðàêöèîííàòà
åôåêòèâíîñò å èçìåðåíà â ïëàíàðíà ãåîìåòðèÿ, êîãàòî ëú÷ ïàäà âúðõó ëàòåêñíèÿ
ôèëì îòêúì âúçäóõà, è â ãåîìåòðèÿòà íà ïúëíî âúòðåøíî îòðàæåíèå (ÏÂÎ), êîãàòî
ëú÷úò ïàäà âúðõó ëàòåêñíàòà ðåøåòêà ïðåç ñòúêëåíà ïðèçìà â îïòè÷åí êîíòàêò ñ
ïîäëîæêàòà. Â ïëàíàðíà ãåîìåòðèÿ åêñïåðèìåíòàëíèòå êðèâè ïîêàçâàò çàáåëåæèìè
ìàêñèìóìè è ìèíèìóìè ïîðàäè êîìïëåêñíîòî ïîâåäåíèå íà äèôðàêöèÿòà îò ðàçëè-
÷åí ïîðÿäúê, çàâèñåù îò ïîëÿðèçàöèÿòà íà ñâåòëèíàòà. Èíòåíçèòåòúò íà îòðàçåíàòà
ñâåòëèíà (íóëåâ äèôðàêöèîíåí ïîðÿäúê) ñúñ s- è p-ïîëÿðèçàöèÿ èìà ìèíèìóì ïðè
úãúë îò îêîëî 53◦, àíàëîã íà úãúëà íà Áðþñòåð, îòêúäåòî íèå èç÷èñëÿâàìå êîåôè-
öèåíòà íà ïðå÷óïâàíå íà äèåëåêòðè÷íèÿ ôèëì îò ÷àñòèöè 1, 32. Èíòåíçèòåòúò íà
ïðåìèíàëàòà ñâåòëèíà ìèíàâà ïðåç ìàêñèìóì, ïî-äîáðå î÷åðòàí çà p-ïîëÿðèçèðàíà
ñâåòëèíà, ðàçêðèâàù ïðåíîñà íà åíåðãèÿ îò ïúðâèÿ äèôðàêöèîíåí ïîðÿäúê. Ñâåò-
ëèííèòå ïåòíà çà ïúðâèÿ äèôðàêöèîíåí ïîðÿäúê, äâå ïî äâå, èìàò èëè èäåíòè÷íî,
èëè ïîäîáíî ïîâåäåíèå è ìîãàò äà áúäàò ãðóïèðàíè â äâîéêè, êîèòî èç÷åçâàò ïðè
îïðåäåëåí úãúë ïîðàäè ïðåíîñ íà åíåðãèÿòà êúì äðóãèòå, âñå îùå ñúùåñòâóâàùè
ïîðÿäúöè. Â ãåîìåòðèÿòà íà ÏÂÎ ñå íàáëþäàâàò ñèëíè ïðîìåíè â äèôðàêöèîííèòå
åôåêòèâíîñòè íà âñè÷êè ïîðÿäúöè â áëèçîñò äî êðèòè÷íèÿ úãúë.
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Natalia Dushkina, Ceco Dushkin, Kuniaki Nagayama. DIFFRACTION FROMMONO-
LAYER LATEX CRYSTALS

Here we measure the di�raction e�ciency of a grating comprising a two-dimensional
latex crystal on a glass substrate. The micron sized spherical particles are deposited in
a monolayer array of hexagonal packing using a drying water suspension droplet on the
substrate. The di�raction e�ciency has been measured in planar geometry, when the
incident beam of light strikes the latex �lm from the air side, and in geometry of Total
Internal Re�ection (TIR), when the beam falls onto the latex array through a glass prism
coupled to the substrate. In planar geometry, the experimental curves exhibit peculiar
maxima and minima due to the complex behavior of the di�raction of di�erent order
depending on the polarization of light. The intensity of re�ected light (zeroth di�raction
order) of s- and p-polarization has a minimum at an angle of about 53◦, an analog to the
Brewster angle, from where we calculate the refractive index of the dielectric particle �lm
1.32. The intensity of transmitted light passes through a maximum, better pronounced
for p-polarized light, implying on the transfer of energy from the �rst di�raction order.
The light spots for the �rst di�raction order, two by two, have either identical or similar
behavior and can be grouped in couples which vanish at a determined angle with the
energy transferred to the other still existing orders. In TIR geometry, strong changes in
the di�raction e�ciencies of all orders are observed near the critical angle.

Keywords: di�raction grating, 2D-latex array, colloidal crystal, total internal
re�ection

PACS numbers: 42.25.Fx, 42.79.Dj, 42.79.Gn, 81.16.Dn

1. INTRODUCTION

The geometry of Total Internal Re�ection (TIR) is important for applications in
waveguide optics and integral optics. Di�raction gratings working in TIR geometry
exhibit peculiarities in the di�raction e�ciency of di�erent orders, which makes
it possible the controllable concentration of light energy in one di�raction order
di�erent from the zeroth order. Planar or 1D-di�raction gratings have been widely
studied, because of their applications as de�ectors of light in waveguide optics.
The special case of metal di�raction gratings consisting of metal stripes on a
glass substrate obtained by holographic recording, were investigated in details in
[1,2], where the experimental data were compared with the theoretical predictions
obtained by using the Fraunhofer's approximation of the scalar di�raction theory.
If these metal di�raction gratings work in a regime of Total Internal Re�ection
of the incident light, the scalar theory could be applied and the behavior of the
di�raction e�ciency in zeroth and �rst order could be described with two relatively
simple equations, derived in [2] for transmitted and re�ected lights, respectively.

An alternative of the considered �physical� di�raction gratings are the �colloidal�
gratings comprising two-dimensional (2D) arrays of latex particles which are known
since long ago [3�6] (for a recent review see Ref. [7]). Alfrey, Jr., et al. [3] have shown
that the scattering of light by transparent �lms of poly(vinyltoluene) particles of
diameters d from 0.165 to 0.986 µm is due to the Fraunhofer di�raction from
independent spheres. They have measured the di�raction angle θd at di�erent
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wavelengths as a function of the specimen orientation angle δ. The expression
mλ/Λ = 2 sin2(θd/2)−δ sin θd, derived by them for an one-dimensional (1D) chain
of scatterers, explains the linear relationship between θd and δ (m is an integer,
Λ is the spacing between particles, λ is the wavelength of incident light). Krieger
and O'Neill [4] have studied the di�raction from 2D-crystals of poly(vinyltoluene)
latex particles of diameters d ranging from 0.1825 to 3.075µm. They have found
di�raction patterns in the form of concentric circular rings for a polycrystalline
array and single spots, located at the corners of concentric hexagons, for a monocry-
stalline array. They have generalized the theoretical approach from Ref. [3] for a
two-dimensional scattering array mλ/Λ = (

√
3/2)(sin θ1 +sin θ2), where θ1 and θ2

are the angles of incidence and di�raction, respectively. Both studies [3,4] utilize a
planar geometry of di�raction (for a de�nition see below) which is not compatible
to the waveguide optics.

Recently, the nano-world phenomena became rather popular, and in this context,
the opportunity to build 2D-di�raction gratings using spherical micro- or nano-
sized particles in monolayer thin �lms brings new horizons for investigations and
applications. Accessing the nanoparticle range necessarily goes �rst through the
use of micron sized particles with respect to the way of their self-assembly [6].
Similarly, approaching the optical properties of the 2D-nanoarrays one should also
use �rst micrometer in size particles.

This paper is devoted to the di�raction properties of a 2D-latex crystal of
polystyrene particles in both planar geometry and TIR geometry. The monolayer
crystal is illuminated with a monochromatic laser light of de�ned polarization. The
e�ect of the polarization state of the incident light on the intensities of re�ected
and transmitted lights is revealed and compared for the basic di�raction orders as
a function of the incident angle. The 2D-latex crystal grating might be used for
coupling light into an optical �ber with a hexagonal structure.

2. SAMPLE PREPARATION

The latex monocrystal, shown in Fig. 1a, is colored due to the di�raction
of white light from the domains of ordered particles. These domains, exhibiting
di�erent colors, are of varying crystalline structure, size and orientation, re�ecting
the conditions of crystal growth. The 2D-crystal is grown, using known procedures
[6,7], on a glass substrate in a circular Te�on cell of diameter 14 mm, tightly
attached to the glass surface. The cell is loaded with a latex suspension in water
(suspension volume 25µl) with a particle diameter d = 1.696µm (JSR Co.) and
a particle volume fraction of 0.01. The water is allowed to evaporate from the
suspension at controlled air humidity until a micron thin �lm is formed in the
central portion of the cell. At this moment the latex particles, protruding from
the �lm surface, form locally curved menisci conducting the capillary interaction
between two neighboring particles [6]. This triggers the formation of a dense
particle array which plays further the role of a monolayer nucleus for the crystal
growth. This nucleus of a nearly circular shape, located at the central portion of
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the monocrystal, is composed of smaller in size domains. It loses water due to
the evaporation from its surface for which reason new water is coming from the
surrounding suspension in replenishment. The water �ow is bringing latex particles
which tightly attach to the circumference thus increasing the crystal size in a radial
direction. The respective domains become bigger seen as blue and green stripes.
A sort of capillary instability causes the formation of a particle bilayer appearing
as the dark rings surrounding the monolayer.

(a)

(b)
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(c)

Fig. 1. Two dimensional crystal of micron size latex particles: (a) General view of a crystal
of latex particles grown on a transparent plate (crystal diameter 1.4 cm); (b) Boundary
between a monolayer (left) and bilayer (right) of latex spheres of diameter 1.696µm.
Magni�cation: ×1000; (c) Magni�ed part of the crystal monolayer with ordered latex

spheres (magni�cation ×7000)

The close examination of the crystal structure with Scanning Electron Micro-
scope (SEM) shows that the monolayer and bilayer are of general hexagonal
packing separated by tetragonal packed bilayer in between (Fig. 1b). Also seen
are the dislocations separating two neighboring domains of ordered particle rows.
These domains produce the di�raction colors in white light in Fig. 1a. In our
di�raction experiments we probe with the laser beam several di�erent points of
the monolayer crystal. Each point may spread on more than one particle domain.
Figure 1c shows the high precision of local hexagonal ordering in the monolayer
which seems dominating the di�raction orders thereafter. A dry 2D-latex crystal
remains stable on the substrate for several years.

The 2D-latex crystal is grown prior to the optical experiments on a glass
substrate (glass K-8, with a refractive index n1=1.514 at λ=632.8 nm). The
refractive index of bulk polystyrene is given as [5]

nb
2(λ) = 1.5683 + 1.0087× 104

λ2
, (1)

where λ is in nm. From here nb
2=1.59349 at λ=632.8 nm. The refractive index of

the monolayer will depend on the �lm volume fraction of particles Φ, n2(Φ) =
nb

2Φ+n3(1−Φ) [5, 8]. Here (1−Φ) is the volume fraction of air voids of refractive
index n3=1 in the �lm. For hexagonal packing Φ = 0.6046 [8], which gives in turn
n2 = 1.35882.
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3. EXPERIMENT

In order to compare the behavior of the di�erent di�raction orders in planar and
TIR geometry of the incident light, and on this base to reveal the peculiarities of
the di�raction e�ciency in TIR geometry, we used two experimental arrangements
to measure the intensity of the di�erent di�raction orders (Fig. 2). In the case of
planar geometry, shown in Fig. 2a, the incident monochromatic light strikes the
sample from the air side, while in the case of TIR geometry in Fig. 2b the light
falls onto the 2D-latex crystal through a glass prism. The source of monochromatic
light is a He-Ne laser (Spectra-Physics 136P) with an output power 2 mW at a
wavelength λ=632.8 nm. A rotator controls the polarization of the light falling on
the sample. We measured the di�raction e�ciency for both cases of polarization:
when the incident light is perpendicular (s-polarization) and parallel to the plane

(a)

(b)

Fig. 2. Experimental setup to measure the di�raction from 2D-crystals of latex particles
in: (a) arrangement of planar geometry; (b) arrangement of Total Internal Re�ection

(TIR) geometry

of incidence (p-polarization). The glass substrate with the 2D-latex crystal is in
optical contact with a TIR isosceles prism that has a refraction angle of 45◦. The
prism is made of the same type of glass as the substrate (n1 = 1.514). The glass
prism, with investigated sample on it, is mounted on a rotary table (Microcontrole
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TR80), which de�nes the incident angle θ0. In the case of planar geometry, this
is directly the angle at which the light hits the 2D-crystal. For TIR geometry, θ0

is the angle at which the light strikes the input wall of the prism and from which
the angle of incidence on the crystal θ is calculated. The accuracy of measuring
the external angle θ0 is 1′. The angle θ0 varies in the working range 0�70◦ for the
planar case, and from −25◦ to +15◦, corresponding to internal angles θ from 28◦

to 55◦ for the TIR case.
The incidence angle θ, under which the light hits the 2D-crystal through the

prism, is calculated using the relation:

θ = α± sin−1

(
sin θ0

n1

)
, (2)

where α = 45◦ is the refractive angle and n1 is the refractive index of the prism.
The light intensity is measured with a precise photometer-radiometer Ealing-910
with a sensitivity of 10−9 W cm−2. Thus, the maximum relative error of the
measurements is 3%.

The intensities of the di�erent di�raction orders Im are measured as a function
of the incident angle θ, and the di�raction e�ciency ηm is determined from the
ratio ηm = Im/Iinc, where Iinc is the intensity of the light incident on the prism.

4. RESULTS AND DISCUSSION

The photograph of the di�raction pattern observed from the latex monolayer
in a monochromatic laser light (planar geometry) is given in Fig. 3a. Figure
3b shows a reconstruction of the spots with the di�raction orders marked with
numbers mj for easy consideration. In the center is the zeroth order m=0, around
which are symmetrically distributed the higher di�raction orders. The hexagonal
symmetry of the 2D-crystal is reproduced by the di�raction pattern, produced by
the monolayer. Each di�raction order m = 1, 2, . . . consists of six spots circling
the zeroth order, which are numbered j = 1, 2, . . . , 6. At normal incidence, the
di�raction pattern is symmetrical and the intensity decreases for the higher di�ract-
ion orders�the higher the number of di�raction order, the lower the intensity of
di�racted light in it. The di�raction pattern changes with the polarization and
the incident angle θ. The zeroth order follows the path of the incident transmitted
or re�ected light. The six spots of �rst and higher orders di�er from each other
and, due to the circular symmetry of the pattern, are grouped in three couples.
The transmitted and re�ected spot couples vanish one by one, and the di�raction
angle θmj at which the m-th order subsides, can be determined from the equation
of the di�raction grating [9]:

mλ

Λ
= n3 sin θmj − n1 sin θ, m = 0, ±1, ±2, ..., j = 1, 2, ..., 6. (3)
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(a) (b)

(c)

Fig. 3. Typical di�raction patterns observed from the latex monolayer in monochromatic
light: (a) Photograph of the experimental patterns in planar geometry; (b) Reconstruction
of the spots with marked di�raction orders; (c) Photograph of the experimental patterns

in TIR geometry

Here n1 and n3 are the refractive indices of the media on both sides of the
2D-latex crystal (in planar geometry, the substrate with the latex crystal is in air,
thus, n3 = 1), Λ is the period of the di�raction grating and λ = 632.8 nm is the
wavelength of the incident light. In our case, we have one and the same grating
spacing in both directions, which is the reason for the circular symmetry and the
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grouping of the spots in couples. For a two-dimensional grating with two di�erent
grating spacing in x- and y-directions, two equations should be considered. Similar
trends can be observed for the di�raction patterns in TIR geometry (Fig. 3c).

(a)

(b)

Fig. 4. Di�raction e�ciency of the latex crystal grating in the zeroth order in a planar
geometry: (a) s-polarized incident light; (b) p-polarized incident light

Figure 4 represents the di�raction intensity of the latex crystal grating in the
basic (zeroth) order in planar geometry: (a) for s-polarized light and (b) for p-
polarized light. The measurements for re�ected light are given with empty circles,
and those for transmitted light�with solid circles. In general, the zeroth order in
transmitted and re�ected light follows the common behavior of transmission and
re�ection through an optical boundary [9]. Similar is the behavior also of linear
metal di�raction gratings, consisting of regular metal stripes deposited on a glass
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substrate [1]. The intensity of re�ected light for both polarizations is very weak
(below 1%) for angles up to 55◦, and increases at larger angles due to the glancing
incidence. There is a weak maximum observed in both curves in the vicinity of
40�50◦ (Fig. 4a and b, empty circles) that might be explained with a transfer of
energy from the �rst orders s14, s15, p14, p15 in re�ected light, which attenuate at
angles about 40◦. The following minimum at 50�55◦ is an analog of the angle of
Brewster, ϕ = arctan(n2). If we calculate the refractive index of the latex crystal
for the Brewster angle ϕ = 54◦, the value would be n2 ∼ 1.32, which is reasonable,
because of the �lling factor of the layer�spherical particles with refractive index
of about 1.59 and air of index 1.0 between them. This value of n2 is rather close to
the refractive index for a layer of closely packed polystyrene particles calculated
above (n2 = 1.36) and mentioned in Ref. [8] (n2 = 1.4).

This �nding opens a new application of our method to measure the refractive
indices of thin particle �lms. If the experiment is precise enough and the angle
is measured only in the vicinity of the Brewster angle for p-polarization, one can
determine the refractive index of a thin dielectric �lm of spherical particles which
is di�cult to be calculated, because of the multilayer and domain structure and
defects making the density irregularly distributed. Our method is much simpler
than the surface plasmon resonance method used recently for a similar purpose
[10].

The measured di�raction e�ciency of transmitted light is in the order of few
percents for both polarizations, and strongly decreases at angles above 50◦. As
the re�ected light, both curves go through a maximum (more pronounced for p-
polarization) in the vicinity of 40�50◦ (Fig. 4a and 4b, solid circles) connected
with a transfer of energy from the �rst orders s14, s15, p14, p15 in transmitted
light, which attenuate at angles about 35�40◦. At normal incidence (θ = 0◦), the
pattern is symmetrical, and as it might be expected from a theoretical description
using Bessel functions, the zeroth transmitted order, corresponding to the straight
transmitted light, has the highest intensity�about 5% for s-polarization of incident
light and 4% for p-polarization. The next �rst di�raction order contains about 1%
less energy than the zeroth order for both polarizations, respectively, as the total
energy concentrated in zeroth and �rst order only is about 53%. The remaining
part is distributed in the higher transmitted and re�ected orders.

Still considering the planar geometry of incident light, the distribution of the
intensity in the spots of �rst di�raction order is shown in Fig. 5 for: (a) transmitted
s-polarization; (b) re�ected s-polarization; (c) transmitted p-polarization; and (d)
re�ected p-polarization. It is clearly seen that two by two the light spots have
identical (in some cases) or similar (in other cases) behavior and can be grouped
in couples. Each couple vanishes at a determined angle, e.g., both couples s14, s15,
and p14, p15 for both transmitted and re�ected light disappear at an incident angle
of about 40◦, while the central couples s13, s16, and p13, p16�at an incidence angle
around 60◦, which corresponds to the angles calculated using the equation of the
di�raction grating. (For this purpose, one should assume an e�cient di�raction
grating of period Λ ∼ 950 nm, which is about half of the latex particle diameter).
The energy of the vanished orders is transferred to the other still existing orders,
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(a)

(b)

(c)
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(d)

Fig. 5. Di�raction e�ciency of the latex crystal grating in the �rst order in a planar
geometry: s-polarized incident light: (a) transmitted di�raction light; (b) re�ected light.

P-polarized incident light; (c) transmitted di�raction light; (d) re�ected light

which explains their �uctuating behavior and the presence of maxima around
the angles of disappearance of the vanishing orders. Such study of the di�raction
e�ciency might be very useful for evaluation of the optical losses, when a 2D-
structure of spherical micro-particles is used as a di�raction grating for coupling
light into a hexagonal �ber structure (e.g., an optical cable).

In the case of TIR geometry, the behavior of the di�raction orders is related
to the critical angle θc

θc = sin−1

(
n3

n1

)
. (4)

Here the refractive indices of the media on both sides of the 2D-latex crystal
n1 and n3 = 1 are di�erent (n1 > n3). Near the critical angle of TIR (θc =
41◦20′) strong changes in the di�raction e�ciencies of all orders are observed.
The transmitted orders disappear in the vicinity of the critical angle and their
energy is transferred into the existing orders of re�ected light. Figure 6 shows
the measured di�raction e�ciency in re�ected light as follows: (a) zeroth order
and (b) second order. The dependence of the di�raction e�ciency of the zeroth
re�ected order on the angle of incidence reminds very much the behavior of the
zeroth di�raction order from planar metal di�raction gratings (compare with Fig.
2 from [2]). This fact suggests that the scalar di�raction theory in Fraunhofer's
approximation might be used for a rough description of the behavior of the zeroth
order. The well pronounced maximum for p-polarization in the vicinity of the
critical angle, in which the di�raction e�ciency reaches about 10%, could be used
for characterization of the 2D-crystal, especially in the monolayer domains. Due to
internal re�ections in the prism, as well as to the TIR geometry of the experiment,
not all the spots of the �rst and higher orders could be observed and accurately
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measured (see Fig. 3c). Therefore, only four spots of second re�ected order are
illustrated in Fig. 6b. The behavior of the second order also reminds the one of a
grating consisting of metal stripes on a dielectric substrate (compare with Fig. 4
from [2])�the curves for both polarizations pass through a maximum in the vicinity
of the critical angle. Although, the maximum di�raction e�ciency measured in
spots p22 and p23 is only about 2%, the maxima are very well pronounced and, as
in the case of zeroth order, could be used for characterization of the 2D-crystal.

(a)

(b)

Fig. 6. Di�raction e�ciency of the latex crystal in TIR geometry (s- and p-polarized
incident light): (a) zeroth order di�raction; (b) second order di�raction

The geometrical positions of di�raction spots observed by us in both planar
and TIR arrangement should obey the conditions for Bragg di�raction described
in Ref. [3] for 1D-grating and generalized in Ref. [4] for 2D-grating of hexagonal
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packing. Here we pay more attention to the intensity of light in di�erent di�raction
orders, which is important for the implication of latex gratings in the �ber optics for
wave-guiding. The calculation of di�racted light intensity, which was not achieved
by the authors of [3,4], would explain the transfer of light energy between di�erent
di�raction orders revealed in our study. The re�ected light intensity has been
calculated for a 2D-array of random latex particles based on the Mie scattering
theory for non-correlated spheres [11,12]. For ordered close packed spheres in a
di�raction grating one should correlate the scatterers using either the Raman-
Nath approach [9] or the theory for amplitude and phase di�raction gratings [2]. In
both cases one should generalize the respective equations: �rst, for the di�raction
from 1D-grating of close packed semicircles and second, for hemispheres in a 2D-
hexagonal array.

Our �ndings here for the di�raction from a dry �colloidal� grating can be
applied also for a slab of a wet colloidal crystal, which was found to obey Bragg
di�raction for both aqueous [5,13] and non-aqueous [14] concentrated suspensions
of latex particles.

5. CONCLUSIONS

The peculiarities in the behavior of the di�raction e�ciency of 2D-latex crystal
gratings were investigated in planar geometry, when the light strikes the crystal
through air, and in TIR geometry, when the light impinge on the crystal through
a glass prism. The behavior of the di�racted orders in planar geometry, though
much more complicated, follows the general tendency of the common transmission
and re�ection from a boundary between two dielectric media. The behavior of
the di�raction orders in re�ected light in TIR geometry, reminds the behavior
of zeroth and second order of a plane metal di�raction grating, which was well
described in [2] by Fraunhofer's approximation of the scalar di�raction theory.
Our method can be applied to measure the refractive index of thin dielectric �lms
of nanoparticles. The latex crystal di�raction gratings, based on their long-term
stability and brilliant optical properties, can be utilized for coupling of light into
a hexagonal �ber structure like an optical cable.
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