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Abstract

Light scattering (Raman, Rayleigh and Mandelshtam-Brillouin) and absorption of commercial color
glasses (cut-off optical filters containing nanocrystals of ternary compounds CdS,Se; ) are studied.
It was found for the first time that the contribution of nanocrystals to the Rayleigh scattering is
unprecedentedly low for some of these glasses. This conclusion is confirmed by estimation of
nanocrystal size and volume fraction from low-frequency Raman scattering and absorbance
spectroscopy for a chosen set of samples. Anomalously low Rayleigh scattering of nanocrystals is
explained in terms of interference of light scattered by different nanocrystals (interparticle
interference). The possibility of interparticle interference effects in the case of small volume
fraction of nanocrystals is illustrated by computer simulation using the model of diffusion-limited

phase transformation proposed earlier.
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1. Introduction

Silicate glasses with CdS-CdSe nanocrystals (quantum dots) are being extensively studied
during decades by a lot of structural sensitive methods such as absorbance and luminescence
spectroscopy, transmission electron microscopy (TEM), small-angle X-ray scattering (SAXS), and
the others [1-5].

Recently it was found that Rayleigh and Mandelshtam-Brilloun scattering (RMBS)
spectroscopy can be effectively used for separating the contributions of nano-scaled fluctuation
inhomogeneites of a glass host and semiconductor nanocrystals (NCs) into Rayleigh scattering
intensity that opened a new path for estimating NCs number density in glasses [6].

In the present work, we apply RMBS spectroscopy to study of color glasses (optical cut-off
filters) with CdS,Se; x NCs and obtain an unexpected result: Rayleigh scattering intensity of some
samples was practically as low as that for initial glasses without NCs. This result is discussed in
terms of interparticle interference effects in scattering. To illustrate a possibility of interparticle
interference in the case of small volume fraction of NCs, simulation of light scattering for a model

system is carried out.

2. Experimental
2.1. Glass samples

Cut-off filter glasses of Russian production have been chosen for studying. Compositions of
ZhS (yellow), OS (orange) and KS (red) glasses included 64SiO,, 3B,03, 13Zn0O, 20(Na,0+K;0)
(wt%) while the concentration of dopants (Cd, S and Se) did not exceed 1wt %. As-melted glasses
were colorless but their heat-treatment in the range 530-620 °C induced their coloring. This effect is
caused by precipitation of NCs and depends on both S/Se concentration ratio and heat-treatment
conditions.

Glass samples of 15x15x10 mm?® dimensions with all polished faces were prepared for RMBS
measurements. The same samples were studied by low frequency Raman scattering (LFRS)
spectroscopy. Absorbance spectra were measured using plane-parallel plates with thickness of
0.1-0.25 mm.

2.2. Measurement procedures

2.2.1. RMBS spectroscopy
RMBS spectra of the glass samples were taken by piezoelectric scanned Fabry-Perot

interferometer. Light scattering was excited by He-Ne laser (1 = 633 nm, power ~ 35 mW) and



measured at the scattering angle & = 90°. To enhance contrast, the spectra were processed with
Bayesian deconvolution technique. Spectral shifts of inelastic longitudinal (Mandel'shtam-
Brillouin) and transverse components of light scattering spectra, Av;, and Aw, and Landau-Placzek
ratio R_.p = Ir/(2Ims), where Ir and lyg are the intensities of elastic (Rayleigh) and Mandel’shtam-
Brillouin components, were measured within £0.5%, £1% and +(1-5)%, respectively. Using IMB as
an inner reference, 1° may be estimated as a function of glass composition and external impact.

Details of the measurement procedure can be found elsewhere [7,8].

2.2.2. Optical absorption

Absorbance spectra of the glass samples were measured in 0.2—0.7 um spectral range by
spectrophotometer Shimadzu UV 3600 using a round diaphragm of 2 mm diameter. High optical
homogeneity of the samples was evidenced by coincidence of results of measurements carried out at

different areas of a sample surface.

2.2.3. LFRS spectroscopy

The experiments were performed by means of LabRam HR equipped with super notches
ensuring the resolution down to 7 cm™. The spectra were obtained at A = 532 nm with an x50
objective with a NA of 0.35, at full power (100%) using a confocal pinhole of 100um. Spectra

taken at different scattering points of the samples were reproducible.

2.2.4. Additional data
Densities p, refractive indices n and glass transition temperatures Ty of the glasses under study

were taken from [9]

3. Results

3.1. RMBS

Typical RMBS spectra of as-melted and heat-treated glass ZhS 10 (1) are shown in Fig.1 where
two doublets are caused by modulation of light wave by longitudinal (L) and transverse (T)
hypersonic waves. The Rayleigh components (R) are surrounded by the ellipse, and their ordinates
should be multiplied by 1000.

The obtained RMBS spectroscopy data [spectral sifts of longitudinal (Mandel'shtam-Brillouin)
and transverse components, Av; and Aw, and Landau-Placzek ratio R, .p] and some reference data of

the glasses are summarized in Table 1.
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Fig. 1. RMBS spectra of ZhS 10 (1) glass samples after deconvolution (256 iterations): as-melted
(dots) and heat-treated (line). Scattering angle is 90°, VV+VH polarization. Longitudinal

(Mandelshtam-Brillouin), transverse and Rayleigh components are labeled by L, T and R,

respectively.

Table 1
RMBS and reference data for some color filter glasses.

Glass RL.p Av Av P ne (Np) | Comments
# code* (em™y | (em™) | (@/em®) | [9]
[9]

1 | ZhS10(l) 44+2 | 0.630 0.373 2.64 1.525 | as-melted, colorless
2 | 0S23() 39+2- | 0.630 0.373 - - as-melted, colorless
3 | KS28(l) 37+2 10.630 0.373 - - as-melted, colorless
4 | ZhS10(D) 480420 | 0.630 0.373 2.64 1.525 | heat-treated, yellow
5 |zhS11(D) > 1000 - - 2.64 1.525 | heat-treated, yellow
6 | ZhS11 (I 320+10 | 0.630 0.373 2.64 1.525 | heat-treated, yellow
7 |ZhS12 (1) > 1000 - - 2.64 1.525 | heat-treated, yellow
8 | zZhS12 (1) > 1000 - - 2.64 1.525 | heat-treated, yellow
9 |ZhS16 (1) 245+10 | 0.630 0.373 2.64 1.525 | heat-treated, yellow
10 | ZhS 16 (1) 48+2 | 0.630 0.373 2.64 1.525 | heat-treated, yellow
11 | ZhS 17 (1) 41+2 | 0.630 0.373 2.64 1.525 | heat-treated, yellow
12 | ZhS 17 (1) 83+4 | 0.630 0.373 2.64 1.525 | heat-treated, yellow
13 | ZhS 18 (1) 58+3 | 0.630 0.373 2.64 1.525 | heat-treated, yellow




14 | ZhS 18 (1) 1165 | 0.630 0.373 2.64 1.525 | heat-treated, yellow

15 | 0S 11 (I 400420 | 0.630 0.373 2.64 1.525 | heat-treated, orange

16 | 0OS 12 (1) 300415 | 0.630 0.373 2.64 1.525 | heat-treated, orange

17 | 0S13(I) 160+8 | 0.630 0.373 2.64 1.528 | heat-treated, orange
18 | 0OS 13 (Il) 590+30 | 0.630 0.373 2.64 1.528 | heat-treated, orange
19 | OS 14 (1) 71+3 | 0.630 0.373 2.64 | (1.523) | heat-treated, orange
20 | KS 11 (1) > 1000 - - 2.64 - heat-treated, red
21 | KS 13 () > 1000 - - 2.64 - heat-treated, red

* Glasses of various batches are marked by (I)-(111).

Table 1 shows that as-melted (colorless) glasses are characterized by low values of Landau-
Placzek ratio, R..p ~ 40. The low R_.p values of colorless glasses are typical for cron glasses which
have the composition close to that of the glasses under consideration. It is known that Rayleigh
scattering by glasses is caused by fluctuations of density, anisotropy, and concentration in glass
melt “frozen-in” at its cooling [10]. In the case of multicomponent silicate optical glasses, Rayleigh
scattering intensity is mainly originated from “frozen-in” concentration fluctuations [11].

Heat-treatment does not affect the spectral shifts, the density, and the refractive index, but leads
to coloring the glasses from yellow to red (Table 1) which is caused by precipitation of CdScSe; «
NCs (see below). Even if the volume fraction of NCs is very small (= 107, their precipitation
should lead to a significant increase in the intensity of Rayleigh scattering whereas the intensity of
Mandel'shtam-Brillouin scattering remains unchanged [6]. Hence, the precipitation of NCs should
cause significant increase in Landau-Placzek ratio. For example, Landau-Placzek ratio of glasses
with CdS or CdSe NCs of 1.3 nm radius and volume fraction of 0.001 was estimated by equations
of [6] as R..p > 1000.

For some heat-treated glasses presented in Table 1, this conclusion is confirmed by

experimental data (e.g., for color glasses #5, #7, and #8, R _, >1000). However, for most heat-
treated color glasses in Table 1, Landau-Placzek ratio is significantly smaller, R, * 300, and, for

two of them (#10: ZhS16(11) and #11: ZhS17(1)), this ratio is close to that of the as-melted colorless
glass.

Thus, the data of Table 1 show that Rayleigh scattering of a system of NCs may be suppressed.
To understand a degree of such suppression, we studied manifestation of NCs in optical absorption
and LFRS. Using these methods, we estimated size and volume fraction of NCs for a number of the
glasses, calculated Landau-Placzek ratio associated with Rayleigh scattering by NCs and compared

the results of calculation with experimental data.



3.2. Optical absorption

Examples of absorption spectra of the glasses are illustrated in Fig. 2. The absorption of the as-
melted glass #1 (ZhS10(l)) is negligible at wavelengths A > 350 nm. Heat-treatment shifts
absorption edge to longer wavelengths, so that intensive absorption bands appear in visible spectral
range. These bands in 250-450 nm spectral range can be explained by precipitation of CdS,Se; &
NCs in a glass host (curves 2-5) while the absence of the bands in the spectrum of as-melted

Zh10(1) glass evidences the absence of any crystal inclusions (curve 1) [12].
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Fig. 2. Absorption spectra of the glasses: 1 — ZhS10(l), as-melted; 2 — ZhS16(l); 3 — ZhS17(l); 4 —
ZhS18(1); 5 — OS13(l1); 6 — experimental silicate glass with CdSe NCs of 1.5 nm radius [13]. p =
—logio(z)/d, where t is internal transmittance, d is sample thickness in cm. The arrows show the
wavelengths of the maxima of the lowest (in energy) absorption bands for CdSe doped glass (curve
6) and for silicate glass with CdS NCs of 1.4 nm radius [14].

Obviously, only CdSe NCs with a radius less than 1.5 nm could give absorption spectra similar
to those presented by curves 2-4 in Figure 2. However, the glasses contain sulfur as well and its
content is higher than the content of selenium. Therefore one can expect that radii of CdS,Se; x NCs
in these samples should be larger than 1.4 nm.

As stated above, it should result in very large values of R p for the volume fraction of the
crystalline phase appropriate for such glasses. To compare quantitatively experimental values of R,
p ratios with those obtained within a simple model of independent Rayleigh scatters [6] one need
getting values of NCs size and their volume fraction primarily. These data will be given below.

Absorption spectra of glasses of the same code but taken from various batches are shown in

Fig.3. As one can see, they differ noticeably in the whole but coincide well only at |1 values less



than 6 cm™ that corresponds to optical density 3 for the usual filter thicknesses of 5 mm. Thus,
being similar functionally samples of different batches may differ in parameters such as

composition, volume fraction and/or size of NCs precipitated due to heat-treatment.
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Fig. 3. Absorption spectra for glass samples of the same code taken from different batches.

These parameters though to a different extent may affect Rayleigh scattering intensity.
However, there is no obvious correlation between the spectra and the measured values of R, .p for
them (given in Fig. 3). Actually, absorption coefficients being proportional to the volume fraction
of CdScSe; x NCs is larger for samples of the batch (I) whereas R..p is larger for ZhS16(l) glass
only. Moreover, the R..p value for OS13(1) is more than three times lower than that of OS13(1I) and
it looks especially strange because the second derivative of their absorption spectra is quite similar
evidencing the same composition and size of the precipitated NCs.

As to ZhS17 and ZhS18 glasses, some spectral shift to shorter wavelengths observed for
samples of batch (I1) can be due to a change of NCs composition but not due to a decrease of their
size. In any case, extremely small values of R_.p for these glasses unambiguously cannot be
explained with a simple model of independent Rayleigh scatters. The results give an additional hint

for the existence of another factor governing Rayleigh scattering intensity strongly.



3.3. LFRS

Having in mind the qualitative estimations of NC dimensions in Section 3.2 one can use the
data of LFRS for determination of CdS,Se; x NC size in the commercial filter glasses under study.
Appropriateness and reliability of this technique applied to glasses with NCs, namely, CdS,Se;
was confirmed earlier by results of a lot of studies [1,4,15,16].

Using formalism of [15], radius a of NCs can be estimated as

Viers = 0.9V /(2ac) (1)

where v rrs is the frequency of LFRS peak, vnc is the longitudinal sound velocity in precipitated
NCs and c is the light velocity in vacuum.
Normalized spectra of the ratio of scattered light intensity in polarized Raman spectra (VV) to

the intensity in unpolarized ones (VH) for a selected set of samples are presented in Fig. 4.
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Fig. 4. Normalized LFRS spectra (VV/VH) for the glasses: 1 — ZhS10(l), as-melted; 2 — ZhS10(1?);
3 - ZhS16(1); 4 — ZhS17(1); 5 — ZhS18(1); 6 — OS13(11).

Fig.4 illustrates the absence of LFRS peak in the spectrum of as-melted glass and its appearance
in the spectra after heart-treatments. Both intensity and position of the peak vary from one glass
sample to another evidencing the change of NCs size. Lack of information about the composition
and crystal modification of ternary compounds CdS,Se; x enforces to use the average values of
longitudinal sound velocity in cubic and wurzite modifications [17,18]:

Vnel = 4300 m/s, (CdS) (2a)



Vnet = 3700 m/s, (CdSe). (2b)
The data obtained for samples whose absorption spectra are given in Fig. 3 are summarized in Table
2.

Table 2

The frequencies of LFRS peaks, radii, and volume fractions of NCs.

) Volume fraction of
Radius a (nm) ]
VLERS particles, vs
Glass code L
(cm™) for vy of CdS, | for vyc of CdSe,
CdS CdSe
Eq. (2a) Eq. (2b)
ZhS16(1) | 30.3+2.9 2.13+£0.2 1.83+0.17 0.0010 0.0008
ZhS17(1) | 41.4+0.6 1.56 + 0.03 1.34 +0.02 0.0015 0.0011
ZhS18(1) | 37.9+3.6 1.70 £ 0.17 1.46 +0.15 0.0025 0.0019
0OS13(11) 28.4+0.6 2.27 £0.06 1.95 +0.05 0.00105 | 0.00075

To estimate volume fraction of nanocrystals, the absorption coefficient of glasses in 250-300
nm spectral range can be used under the assumption that deviations due to quantum confinement
effects can be practically neglected [6]. For this estimation, extinction coefficients of CdS and CdSe
NCs were calculated using the optical constants of bulk crystals for a number of wavelengths [19]
and the expression for the efficiency of extinction of small particles (Eg. (5.7) in [20]). The
calculations showed that the contribution of scattering in extinction (Eqg. (5.8) in [20]) can be
neglected in comparison with that of absorption in all variants presented below.

In the calculations, the radii of NCs were taken from Table 2 and their volume fractions were
varied to obtain satisfactory agreement between the calculated and experimental values of
extinction (absorption) coefficient of a given glass in the spectral range 250-300 nm. The result of
such fitting the volume fraction for the glass ZhS18(l) is shown in Fig. 5a. The estimated values of
volume fractions are given in Table 2. To illustrate a degree of applicability of this procedure to
volume fraction determination, we used it for the glasses containing CdSe NCs, for which volume
fraction was measured independently by SAXS. The comparison of volume fraction values obtained

by two methods (Fig. 5b) shows a satisfactory agreement of the results.
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Fig. 5. (a): Absorption spectrum of the glass ZhS18(l) (line) and the values of absorption coefficient
calculated for NCs of CdS (solid circles) and CdSe (crosses). (b): Volume fraction values found
from absorption (via) Vs those determined by SAXS (vss) (solid circles) for glasses containing CdSe

NCs and their linear fit by relation via ~ 0.85vis (solid line).

4. Discussion

For a two-phase system consisting of NCs in a glassy matrix, Landau-Placzek ratio [6] is
Rip =Rl +R, €
where R/, and RS are Landau-Placzek ratios of the glass host and contribution of NCs into R,
respectively.
In the case of independent Rayleigh scattering of light by identical spherical NCs distributed
randomly in a glassy host with a real refractive index n, the contribution of Ncs into the Landau-
Placzek ratio R _, can be written as [6]:

2 2

m? -1
m? +1

m? -1
m? +1

NC _ In° _ 16 7* Noa6 _ 127v, a’
- 2 g n4p122(kT/pV,2) n4p122(kT/PV|2)

where 1} is the intensity of Rayleigh scattering by NCs; No and v¢ are number density and volume

(4)

fraction of NCs; p1, and v, are Pockels coefficient and the hypersonic velocity of glass; and T is the
ambient temperature (T = 300 K). Relative refraction index of NCs, m = nyc/n, is expressed in terms
of their complex refractive index nyc and the refractive index of glassy host n.

Hypersonic velocity v, can be determined from the spectral sift Av, of the longitudinal

(Mandel'shtam-Brillouin) component by [10]

Av =2nﬁsing (5)
1% c 2

where v is the frequency of exciting light, @is the scattering angle. The obtained value of v, is 5550

+ 40 m/s. The values of refractive indices of NCs at A = 633 nm for evaluation of relative refractive



indices m in Eq. (3) are taken from [19]: n, = 2.47 (CdS) and 2.85 + i 0.32 (CdSe). Finally, p1» = —
0.22 taken for calculations of RS was found from comparison of RMBS spectrum of colorless as
melted glass (See Table 1) and RMBS spectrum of commercial silica glass with pi; = — 0.28 in

accordance with [21]. Results of calculating R are summarized in Table 3. Taking into account

that the calculated values RS are significantly greater than R[,, it is possible to adopt
(Rip)owe = (RY)... - Using lyg as an inner reference it seems easy to estimate the coefficient of

Rayleigh scattering suppression, Ir(exp)/Ir(cal).

Table 3

Concentration of nanocrystals, No, and coefficient of Rayleigh scattering suppression

Ir(exp)/Ir(cal).
For CdS nanocrystals

Glass Code | No, Rip ' cal= |RLp lexp/ lcal
particle/cm® | Rypcal exp

ZhS16(1) 26-10" (3.3£0.9)-10° | 245+10 |~ 7-107

ZhS17(1) 94.10" (2.0£0.1)-10° | 412 [=2-107

ZhS18(1) 122.10% (4.4+1.2)-10° | 58+3 [=~1-107

OS13(1IN) 21.10" (4.440.4)-10° | 590430 | = 1-10™

For CdSe nanocrystals

Glass No, RLp2 cal = Rip lexp/ lcal
exp
QD/cm® | Ry pcal

ZhS16(l) | 26.10% (3.1+0.8)-10° 24510 | ~8107

Zhs17(1) |109-10®° | (1.67+0.07)-10° |41+2 |=3-107

ZhS18(1) | 14610 | (3.7+1.1)-10° 58+3 | ~2:107

OS13(1l) | 24-10" (3.5+.3)-10° 590+30 | ~2:10™

Explanation for the effect of suppression of the Rayleigh scattering in glasses may be given on
the basis of the approach where interference of light scattered by different elements of structure of
nanostructured glass is considered [22]. In the case of NCs (or phase-separated particles) distributed
in a glass matrix, two approaches are used for theoretical description of interference.

In the first approach, interference of light scattered by particle (NC) and its diffusion zone is
considered [23]. The approach is applicable to early stage of particle growth when diffusion zones
do not overlap. At certain conditions, such interference leads to suppression of dipole component in
scattering, so that the intensity of scattering becomes significantly less than the intensity of the
Rayleigh scattering by single particle. For randomly located zones (which are centered at randomly

located particles), the theory of transformations predicts [24] that diffusion zones may be treated as



isolated if their volume fraction is small, v, < 0.1. Under this condition, particles grow
independently and their volume fraction vs is less than one tenth of volume fraction of particles in
the end of growth stage, Vmax.

Let us estimate the maximum volume fraction of NCs in the glasses under consideration on the
basis of batch composition. The glasses contain about 0.5 wt.% of CdS. The simple estimation
shows that this content corresponds to volume fraction vmax =~ 0.0027. The letter value may be
considered as the upper limit for precipitation of CdS phase because of evaporating sulfur during
melting process and equilibrium solubility of CdS in the glass matrix. Thus, one can conclude that
the volume fractions v presented in Table 2 are close to maximum volume Vinax, the condition vs <
0.1vmax Is not satisfied and the first approach is inapplicable.

In the second approach, interference of radiation scattered by different particles (NCs) is
considered (interparticle interference) [25]. This approach was applied to small-angle X-ray (e.g.,
[26,27]) and light (e.g.,[22,28]) scattering in glasses. In this approach, it is assumed that the
particles are distributed in homogeneous matrix. Thus, the approach is applicable to the stage of
transformation when the active diffusional growth of particles from supersaturated solution is
completed, the volume fraction of particles is close to maximum, and the concentration of
precipitating component in the matrix is close to equilibrium. Basing on the estimate of volume
fraction of NCs in the glasses under investigation, we consider that their structures are close to the
structures accepted in the approach of interparticle interference. Below the interference effects will
be analyzed in terms of this approach.

Interparticle interference was often observed in glass-ceramics with appreciable volume
fraction of NCs, vf ~ 0.1-0.4 (for example, see [26,29,30]). The color glasses under consideration
are classified as glass-ceramics [31]. However, the volume fraction of NCs in these glass-ceramics
is very small, vi ~ 0.001 (Table 2), and it is usually assumed that such sparsely distributed NCs
scatter the light independently without interference effects [32]. Nevertheless, the interparticle
interference was observed in SAXS experiments for glasses containing small volume fraction v ~
0.005 of NCs [27].

Because the notion of interparticle interference for sparsely distributed scatterers (NCs)
contradicts the usually accepted opinion [32], it would be interesting to give any theoretical
explanation for interparticle interference effects in a system with small volume fraction of
scatterers. To give such an explanation, we use the model of phase transformation in a system with
simultaneous nucleation of diffusional growth of NCs [33,34]. It should be noted that the
conception of diffusion-limited growth of particles was used for explanation of interference effects
in light scattering [Erreur ! Source du renvoi introuvable.], however, the authors of this work

modeled two-dimensional case for significant area fraction 0.25 of two-dimensional particles.



We consider the model [33,34] where nuclei of a new phase are distributed in a glass matrix
randomly with a mean number density no and begin the diffusion-limited growth simultaneously.
The model was proposed for description of transformation kinetics in a system with small
supersaturation, in which the volume fraction of particles at the late stage of transformation is much
less than unity. At the first stage (the growth stage), the particles (NCs) grow due to diffusion of
precipitating component from supersaturated matrix and, as shown in [33], the possibility of
Ostwald ripening can be neglected at this stage. Here we simulated the structure and light scattering
of the system at time when the growth from supersaturated solution is completed, but effect of
Ostwald ripening is not yet significant. As shown in [33,34], the distribution of volumes of particles
at this time may be approximated by distribution of volumes of cells in the spatial Poisson-Voronoi
tessellation [35]. Volume fraction of particles at this time is close to the maximum and remains
practically constant during of the Ostwald ripening stage.

It should be noted that the results obtained in the model are in agreement with experimental
data on metastable liquid-liquid phase separation in glasses [34]. The similar models were
developed for the case of continuous nucleation [36,37].

As argued above, the volume fraction of NCs in the glasses under consideration is close to
maximum. Hence, the stage of phase transformation in these glasses relates to the end of growth
stage or to the Ostwald ripening stage. Our model gives the quantitative results only for the end of
growth stage. Possibly, some conclusion may be qualitatively applied to the beginning of the
Ostwald ripening stage.

Using the model, one can simulate the random location of particles (NCs) and calculate the
volumes of cells of the spatial Poisson-VVoronoi tessellation, that is, the diameters of particles at the
end of growth stage if the particle volume fraction is given. Particles in the simulated system are
polydisperse (e.g., see Fig. 5 in [34] and Fig. 6 below). If particles in our polydisperse system are
sufficiently small and conditions of the Rayleigh scattering [20,38] are satisfied, the intensity of
scattered light may be calculated by the equations derived earlier (Egs. (16)-(19) in [38]). For
calculation, particles are divided into size groups, and pair correlation functions for particles of
different size groups (partial pair correlation functions) should be obtained in the course of
simulation. Then partial structure factors and intensities of scattered light can be calculated for a
given scattering vector. These calculations have been carried out in several series of computer
experiments. Dimensionless representation of quantities was used. The volumes of simulated cubic
samples were different in different series of computer experiments. To eliminate surface effects,
particles belonging to surface layer of certain thickness did not used in calculation of particle radius
distribution and partial pair correlation functions.

Let us present some results of the simulation. First of all, the distribution of dimensionless



diameters d =D/(D) was simulated where D and (D) are particle diameter and its mean value,
respectively. The probability density f(d) of the diameter distribution was estimated using the

kernel method with the Gaussian kernel [39] and the window width (smoothing parameter)
h; 0.006 at which the mean integrated square error is minimum (Fig. 6). The statistical error of

f(d) is less than 0.005 and cannot be displayed in the scale of Fig. 6. The density f(d) is almost

symmetric with respect to d = 1. It is practically equal to zero for d < 1.4 and d >1.6. The density of

distribution over 12 size groups is also shown in Fig. 6.

£(d)

2.0

Fig. 6. The probability density f(d) of the distribution of relative diameters d =D/{(D) ({D) is

the mean diameter) (smooth curve) and the probability density corresponding to dividing particles

into size groups | (I =1, 2, ..., 12) (stepwise line).

Partial pair correlation functions were simulated as functions of dimensionless distance

V3
p=rng

where r and ng are the distance and the number density of particles (NCs) measured in
dimensional units. Examples of simulated partial pair correlation functions for size groups 6 and 9
(see Fig. 6) are presented in Fig. 7. One can see that the pair correlation functions obtained in
different series of numerical experiments coincide within statistical error. The simulated pair
correlation functions indicate correlations in particle arrangement. First, the pair correlation

functions are less than unity if p~ 1, so that the probability of close spacing of particles is less than
for random system where g(p)=1. Second, the pair correlation function in Fig. 7a shows

maximum that means existence of preferred spacing between particles. The similar behavior takes
place for the other simulated partial pair correlation functions. It should be noted that in

monodisperse system these correlations in particle arrangement lead to significant interference



effects in scattering [26].
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Fig. 7. Examples Of simulated partial pair correlation functions g,.(0) (the results for two series of

numerical experiments are shown).

The simulated partial PCFs g,.(p) were used for calculation of the partial structure factors
S, (x) (see Eq. (18) in [38]) for a number of values of dimensionless scattering vector magnitude
Kk =4xnsin(@/2)1(n*2) = (4x)**nsin(6/2) (3v,) " al A (6)
where @is the scattering angle.
The obtained values of the partial structure factors and Eq. (16) of Ref. [38] were used to

evaluate the ratio 1. /11 of scattering intensity for the simulated system, I__, to intensity 11°" of

sc !
independent scattering by particles which have the same diameter distribution as in the simulated
system (see Fig. 6). The calculated ratio 1 /11" is presented in Fig. 8 as a function of

dimensionless scattering vector magnitude x for a number of series of computer experiments.
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Fig. 8. The ratio of scattering intensities of for the simulated system, 1_, and the system of

sc !
independent polydisperse scatterers, 17*", as a function of dimensionless scattering vector

magnitude « .

Fig. 8 shows that the results obtained in different series of numerical experiments are in good
agreement for x>1. A greater difference among small values of 1/ 1*" at x* 1 indicates that
the current implementation of the model cannot ensure a high accuracy of the results at small values
of x . As possible reasons, one can mention the rough division of particles into size groups and the
presentation of partial pair correlation functions as histograms.

The ratio of scattering intensities 1_/17*" is close to unity at x %o7 , decreases with

decreasing x and becomes less than 0.03 at «~ 1 (Fig. 8). This means that scattering should be
low if the wavelength of light is large enough. This conclusion has a simple qualitative explanation.
Indeed, in our model, the volume of a particle is proportional to the volume of its cell, i.e., the
concentration of precipitated substance averaged over the cell is the same for all cells, and if the
wavelength is much greater than the mean size of the cells (the interparticle distance), the light
“sees” the material as almost homogeneous. In this case, the interference effects determine the
scattering properties of the system.

Let us estimate values of dimensionless scattering vector magnitude x (Eq. (6)) for the
experiments described above. Because volume fraction of particles is small (Table 2), the refractive
index of the glass matrix is equal to that of the material, n=1.525 (Table 1). The scattering angle &

is equal to 90°. The wavelength is 4 =633 nm. The number density no (Table 3) was estimated

using the equation v, ; 4za’n, /3 where volume fraction vs and radius a of particles are taken from



Table 2. As a result, the estimation gives the values «; 0.6—1.0. For such values, our model
predicts the suppression of the scattering intensity in comparison with the case of independent
scatterers by a factor of 30 and more. Such a situation is realized in glasses ZhS17(1) and ZhS18(l).
However, in some other glasses the suppression is less. There are various reasons for different
suppression of scattering. For example, different glasses may be characterized by somewhat
different stages of phase transformation; in particular, different times of the Ostwald ripening stage
may be realized. To discuss the situation in more detail, one needs more information on the thermal

history and structure of glasses.

5. Conclusions

Main parameters of CdS,Se; x hanocrystals in glasses (radius, volume fraction, number density)
can be determined by study of light scattering (Raman, Rayleigh and Mandelshtam-Brillouin) and
absorption.

For the first time, it was observed that precipitation of CdS,Se; x nanocrystals in silicate glasses
induced by their heat-treatment does not cause an appreciable increase in Rayleigh scattering
intensity.

Anomalously low Rayleigh scattering of some glasses with CdScSe; x nanocrystals has been
explained in terms of interference of light scattered by different nanocrystals (interparticle
interference). To illustrate that interparticle interference effects may be significant in in the case of
small volume fraction of nanocrystals, computer simulation of structure and light scattering of a
system of nanocrystals has been carried out using the model proposed earlier. In the model, the
simultaneous nucleation and diffusion-limited growth of nanocrystals are considered. The structure
of such a system was simulated at the stage when the diffusional growth from supersaturated
solution is completed, but effect of Ostwald ripening is not yet significant. It was shown that in a
long-wavelengths range the Rayleigh scattering by the system is suppressed due to interparticle

interference effects even if the volume fraction of nanocrystals is small.
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