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Light diffraction in ordered photonics colloidal suspensions
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Abstract: Light diffraction measurements show order in photonic colloidal suspensions of
scatterers. Strong and long-range Coulomb interaction explains the order and correlation in the
scatterers’ (TiO2@Silica) position, which favors significantly the localization (interference) of light.

1. Introduction: A comparative study of light diffraction is performed in colloidal suspensions containing core-shell
TiO2@Silica NPs suspended in either ethanol or water solution. The silica shell on TiOz core (rutile, 410 nm mean
diameter) induces an electrostatic field ({—potential) on the TiO2@Silica surface provoking strong interaction between
the TiO2@Silica NPs and, consequently, a good optical colloidal stability [1-4]. The theoretical framework employed
in colloid science to study particle—particle interactions has been the classical theory of Derjaguin-Laudau-Verwey-
Overbeck (DLVO). This theory is based on the idea that pair-wise interactions arise from the interplay of attractive
van der Waals forces (Far) and repulsive Coulomb forces (Frep, double layer force) screened by the Debye—Hiickel
ions’ cloud [5,6]. The total interaction potential between two particles (Ut) can be expressed as the sum of electrostatic
repulsion (Uelec) and the van der Waals attraction (Uvaw): Ur=Ueec(r)+Uvaw(r), where 7 is the distance (center-to-center)
between two particles of radii a. The electrostatic repulsion potential (Ueiec) between two colloidal particles of radii a
can be expressed as: Ugjec (1) = 2Mege, (@ + A)y2el#—24-22)] where &, is the permittivity of the medium, Py is
the potential at the particle surface, which can be estimated from the &-potential measurements [7], x is the inverse
Debye length (Apebye), which is the thickness of the double layer and A is the thickness of the Stern layer. For spherical
particles and constant surface potential and the background ionic strength, the van der Waals attraction Uvaw between
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which is for short-range and plays an important role in describing the attraction energy between particles. The

thickness of the double layer (Apebye) can be determined by the measurement of Dayd (ADebye ~ Dyya/2 — a). Dhuyd

], where A is the Hamaker constant,

of the TiO2@Silica NPs, measured by dynamic light scattering (DLS) at very low [TiO2@Silica], shows a larger
Dnya~890 nm for the ethanol suspension when compared to water Duya~570 nm. The latter must be because the water
dielectric constant is considerably higher than the ethanol (~3 times). For both systems, the &-potential is practically
the same ~(-75 mV). When Apebye is of the order or larger than /sm/2, where /m is the mean distance between the
opposite particle surfaces, a sharp secondary minimum is expected, which should lead to a correlation in the particles’
position (order) [8]. In the particular case of a photonic colloid, the correlation in the particles’ (scatterers) position
can give rise to correlated long-range hopping for scattered photons, which favors interferential phenomena (light
localization) [9—12]. Localization induced by correlation has been addressed recently by Kravtsov and co-workers in
higher dimensional systems, showing the universality of this phenomenon [13]. Here, we studied the diffraction
pattern originated by TiO>@Silica suspensions (ethanol and water) when collecting the backscattered light
perpendicular to the sample surface. The diffraction pattern, coming from the first scattering event, can reveal the
distribution of the scatterer positions. For TiO: filling fraction (FFrio2) of: FFrio2=0.26%, FFrioo=1.06% and
FFrioa=4.8%, diffraction patterns were obtained for TiO:@Silica suspensions in ethanol and water. A linearly
polarized laser beam (He—Ne) was used to measure diffracted light. The laser beam was focused through a lens of +50
mm focal length in order to obtain a parallel beam at the focus with its waist (~4.4 um diameter) located on the
sample’s input surface. For detailed description of the experimental setup, see ref. [11]. In order to obtain a meaningful
statistic and average the speckle pattern, a total of 400 images were recorded for each sample. The collection time for
each image was 50 ps. The Fourier transform (FT) was determined separately for each of the 400 images, and then a
mean FT was extracted. Afterward, the diffraction pattern is obtained by the FT of this mean FT.

2. Results: Figure 1a and 1b show the diffraction patterns obtained for TiO2@Silica suspensions at FF=4.8% in ethanol
and water, respectively. For both suspensions, a diffraction pattern with an approximately hexagonal structure at the
center can be observed, being clearly stronger and containing higher diffraction orders for the ethanol suspension than
in water. The latter indicates a stronger correlation in the scatterers position for the ethanol suspension. This diffraction
pattern (hexagonal structure) seems to be proper of a cubic structure oriented in the (111) direction. The above result
could be due to the isotropy of the interaction between scatterers (which are approximately spheres), whose repulsive
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and attractive electrostatic forces present spherical symmetry. This colloidal system has similarity to the gold and
silver crystalline structures, that arise from the electrostatic attractive force between conduction electrons and
positively charged metal ions. In this colloidal system, the TiO2@Silica NPs strongly interact with each other (repel
and attract) within an “incompressible” liquid (ethanol or water) that tends to keep the colloidal volume constant.
Consequently, the particles tend to become distributed at similar equilibrium distances giving rise to a correlation in
the scatterers’ position. For both suspensions (ethanol and water) at FFrio2=1.06%, the diffraction pattern is less
defined (Fig. 1c and 1d), containing fewer diffraction orders than for FFrio2=4.8%. For the ethanol suspension with
FFrioa=1.06%, the definition of the diffraction pattern and the amount of diffraction orders is still better defined than
for FFrioo=1.06% in water. No diffraction pattern is observed for FFrio2=0.26% (fig. 1e and 1f), which indicates a
homogeneous random medium.

Figure 1. For FFrio2=4.8% in ethanol suspension, a) diffraction pattern (hexagonal structure) is clearly stronger and contains higher
diffraction orders than in water b). For FFrio2=1.06%, ¢) and d), diffraction patterns are less defined than for FFrioo=4.8%, however, they
are still better defined and containing higher diffraction orders for the ethanol c) than for the water suspension d). No diffraction pattern
can be distinguished for FFri0o=0.26% in ethanol ) and water f) suspensions.

3. Conclusion: Light diffraction measurement demonstrates the correlation in the scatterers’ (TiO2@Silica) positions
(order) in this photonics colloidal suspension. Particularly for FFrioo=4.8% a seemingly cubic structure oriented in
the (111) direction is observed (patterns hexagonal structure). We attributed the correlation of the scatterers’ positions
to the strong and long-range Coulomb interaction between TiO2@Silica NPs, revealing to be of stronger and longer
range in the case of TiO2@Silica suspensions in ethanol when compared to water. This latter can be understood from
the Debye length of TiO2@Silica NPs (measured by DLS), which is larger in ethanol (lower dielectrics constant) than
in water. A decrease of TiO2@Silica NPs concentration (sm increase) can provoke that Apebye becomes shorter than
hm/2a weaking the particles interaction (Coulomb) and the correlation of the scatterers’ positions.
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