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Polymer-Dispersed Liquid Crystal Droplets: 
Calculations of Light Scattering 

VALERY A. LOIKO and VLADIMIR 1. MOLOCHKO 

Stepanov Institute of Physics, National Academy of Sciences of Belarus 68, 
R Skaryna Ave., Minsk, 220072, Belarus 

The extinction efficiency factor and the angular distribution of radiation of polymer-dis- 
persed liquid crystal (PDLC) droplets have been calculated by the discrete-dipole approxima- 
tion (DDA) and compared with the data obtained by the commonly used Rayleigh-Gans 
approximation (RGA) and by the anomalous-diffraction approximation (ADA). The errors of 
calculations by the above-mentioned methods for droplets with homogeneous and droplets 
with radial director configuration are considered. 

Keywords: nematic droplet; light scattering 

Introduction 
The LC droplet can be considered as an optically ccsoftv object in the transparency 
mode and in the scattering mode. Therefore, to describe the optical properties of 
drop-lets, such well-known methods as the Raylei h Cans approximation (RGA) and 

optically ccsofi~ scatterers with internal material anisotropy the RGA is considered 
in‘’41. The work”’ considers the ADA for large optically ccsofb anisotropic droplets. 
Based on these approximations for spherical droplets and a number of simple con- 
figurations of the director in the droplet analytical formulas have been obtained. 

It is impossible to describe analytically configurations that are more complicated. 
Here, numerical calculations are needed. Recently a method has been developed for 
calculating characteristics of complex particles based on the discrete-dipole approxi- 
mation (DDA)l6.’’. It consists in presenting particles in the form of a system of N di- 
poles, which permits, at an appropriate breakdown, obtaining a result fairly close to 
the exact result for scatterers of practically any configuration and form. At the same 
time an essential disadvantage of this method is the large amount of computer re- 
sources needed for the calculation of both complex and simple particles as well as a 
rapid growth of such resources with increasing size of scatterers. Therefore, this 
method can only be used for not very large scatterers. 

Approximate methods of description have such an undoubted advantage as rela- 
tive simplicity and the calculation rate. At the same time, they give some systematic 

the anomalous diffraction approximation (ADA)‘ f -  ’ are used traditionally. For small 

[2401]/541 
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error which is not always small and which can only be controlled beyond the method. 
The size of LC droplets R is comparable with the radiation wavelength A .  It in- 
cludes droplets where it is able to use RGA (submicrometer-size droplets) and ADA 
(supramicrometer-size droplets). The size parameter x I 2 d  / d for light in vacuum 
lies in a fairly wide range, from 0.5 to 50 as a rule. Therefore the question arises of 
the possibility and exactness of using both the RGA and the ADA for the intemedi- 
ate range of droplet sizes as well as of thc value of the systematic error of these 
methods and of the influence of the scatterer material anisotropy on the exactness of 
approximate description. In most works this question is resolved on the basis of in- 
terpretation of known conditions (for the RGA 2kR’n - 1 << 1,n * I ,  for the ADA 
kR >> I,n * I“), k is the wave number in vacuum, R is the droplet radius, n is the 
refractive index of the droplet). Note that for the above range of sizes of scatterem, 
this interpretation is wordiness and more detailed refinements of both the question of 
applicability of these approximations and the question of exactness are needed. 

Basic equations 
Let us consider an LC scatterer with radial configuration placed in a polymer with re- 
fractive index n,,, , in the light wave field E’” = $E, exp(iEoF), Z0 is the unit vec- 
tor of polarization. Let us denote the wave vector in the direction of wave scattering 
by I? , E, -p E - X,, . We write the scattered field as usual: 

where E,  ,El, is the vector E component perpendicular and parallel to the scattering 

plane, respectively. We shall use the relative refractive index thus assuming nm = 1 . 
Accordingly, further wave vector k I 2 7 r / A ,  size parameter x I 2 d  2, where d 
is the wavelength in the polymer matrix. 

Only for a small and sufficiently c c s o f t ~  s c a m  (2kR n - 1 << 1, n * 1 , here n is 
the effective refractive index, R is the droplet radius) in the RGA we have’*! 

For the scattering efficiency factor of axially symmetrical scatterer we have: 

6 is the polar angle of scattering. 

accordance with[’l, the scattering matrix s will be written in the form: 
In the anomalous difiction approximation is assumed kR >> 1,n +: 1 “ I .  Then, in 
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PDLC DROPLETS: CALCULATIONS OF LIGHT SCATERING [2403]/543 

where the tensor p(P) describes the phase shift and the rotation of the polarization 
plane of the beam passing through the point P of the scatterer projection on the 
plane perpendicular to the direction of wave propagation. The expressions for p(P) 
and the results of integration in (4) for a number of director configurations were ob- 
tained in'*'. 

The discrete-dipole approximation is based on the scatterer representation in the 
form of an array of discrete dipoles with corresponding properties. Each dipole is 
characterized by its? and polarizability whose choice is a nontrivial task. 
In accordance with[ , the problem of finding the polarization of elementary dipoles is 
reduced to the solution of the following system of linear equations: 

r 1 

Here d, IS the j -th dipole polarizability (seei6." for expressions for ct, ), the 

term Alk 4 represents the field induced by the k -th dipole with polarization < on 
the j -th dipole. 

As a rule, the solution of the system of equations ( 5 )  is reduced to iterations 
whose physical meaning consists in taking into account greater and greater multi- 
plicity of scattering from the system of N elementary dipoles. Proceeding from the 
known values of polarization on each elementary dipole one can write expression for 
the matrix s 17'. 

For the j -th dipole polarizability we have 

a, = fij-'di, (6) 

where d - is the diagonal tensor of polarizability used ini"'], 

a, ,P I ,  y J  - are angles of the j -th dipole rotation about the axes x,y,z , respec- 

tively; f?r(a),A,(a),fi,(y) are matrices of rotation about the axes. 
For the radial director configuration for these angles we have used 
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where arctan(s.c) = I if s = sh(f), c = cos(1). The tensor d was found in accor- 
dance ~ i t h ' ~ , ~ ]  for permittivity 2 = diug(q,q,,co). 

For the scattering efficiency factor e ual to the extinction efficiency factor in the 
case of nonabsorbing scatterers we have[ 9 

As the quantity characterizing exactness when comparing the two methods of cal- 
culation in next Sections, we have chosen the relative error: for the factor of scatter- 
ing efficiency Q'g -the quantity 

As the function characterizing the angular structure of radiation for axially sym- 
metrical scatterer, we have chosen the dimensionless value I : 

This dimensionless value is related to the differential scattering cross-section for 
natural light by the relation I = k 2 d u / d R ,  k is the wave number in vacuum. Then 
the calculated value I" is characterized by the error 

By Qand I are meant the values obtained as more exact ones (in Section "Ho- 
mogeneous scatterer " -- from the calculation according to the Mie theory, in Section 
"Liquid-crystal droplet " -- in the DDA). 

Homogeneous scrtterer 
Fig. 1 gives some results of comparing the DDA and the approximate methods RGA. 
A6A with exact calculations (according to the Mie theory) for spherical homogene- 
ous scatterers. We chose the refractive index n = 1 .I 1 of the homogeneous droplet 
as an illustration for relatively "hard" LC droplets. 

As can be seen, for the scattering efficiency factor Q,,,, depending on the droplet 
size the accuracy of calculations by the DDA method is fairly high within the scope 
of applicability of the chosen breakdown[71 (at a break-down of 29x 29x 29 a p  
proximately up to x = 24 with an accuracy better than 5% and up to x = 1 1 with an 
accuracy better than 1%); finer breakdown permits describing larger scatterers (at a 
break-down of 37 x 37 x 37 approximately up to x = 34 with an accuracy better 
than 5% and up to x = 22 with an accuracy better than 1%). We have not noticed 
any possible deviations From this regularity associated with the accumulation of er- 
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rors with increasing number of both elementary dipoles and iterations for finding the 
distribution of dipole polarization due to multiple scattering in the calculations 
(( n 5 1.2, break-down of up to 40 x 40 x 40 dipoles) for Q,, . 

Our comparisons (not presented here) of the calculations for the angular structure 
of scattering of ccsoft)) homogeneous droplets show that RGA and DDA are not exact 
enough to describe the angular structure of scattering of such medium-sized droplets. 
For x = 5 ,  n = 1.05 the RGA permits describing with an accuracy of 5% the angu- 
lar distribution up to angles of scattering less than 30". The ADA gives the result 
with an error of 10% up to angles of about 20'. For the break-down 29 x 29 x 29 
the ADA describes, with an accuracy better than 5%, the structure of radiation up to 
angles of about 90'. and up to 160' with an accuracy of 10%. 

Our comparisons for homogeneous scatterers show that the DDA has a considera- 
bly better accuracy than the above-mentioned approximations in the range of pa- 
rameters characteristic of LC droplets. The exception is the region of scattering by 
large angles where the description accuracy is limited. From the point of view of the 
DDA, there is no essential difference between the errors of the system of isotropic 
and anisotropic elementary scatterers forming the droplet. Therefore, the DDA can 
be used to estimate the RGA and ADA errors for anisotropic LC droplets. On this 
basis next section considers the question of exact description of a spherical scatterer 
with a radial director configuration by the approximations RGA and ADA with re- 
spect to the DDA. 

Liquid-crystal droplet 
Figure 2-5 give the results of the error calculations of the scattering efficiency factor 
and angular structure of radiation for liquid-crystal spherical droplets with a radial 
structure of the director. The extraordinary refractive index of the liquid crystal in the 
droplet was chosen in the range from a C C S O ! ~  nc = 1.08 to a ((hard) droplet 
nr = 1.2 . The ordinary refractive index took on the value no = 0.97. 

Figure 2 shows plots of the error of calculating the scattering efficiency factor for 
four values of the extraordinary refractive index of the droplet 
ne = 1.08,l. 1 1,l. 15J.2 . As can be seen from these plots, the situation with the ADA 
error, as a whole, is similar to that which can be expected proceeding from the analy- 
sis of the ADA error for homogeneous scatterers. As with the homogeneous scat- 
terer, in the range of changes in the refractive index from the scatterer size about 
x = 10, the anomalous diffraction approximation can be used to describe the LC 
droplet with a moderate error (which in our case does not exceed 15%). Note that 
within the limits of the parameters considered by us the position of this range weakly 
depends on the refractive index. The ADA can be used, with a model accuracy of 
25%. even from the size of the droplet x = 5 for both Q and the angular structure of 
scattering (see Figure 4). Comparison of the error plots for Q with those for homo- 
geneous scatterers shows that the behavior of the radial-stmcture droplet for the 
ADA is in general the same as that of the considerably ((harden) scatterer than the 
homogeneous one with the refractive index nd = (2n0 + n , ) / 3 .  So the error plot.for 
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the homogeneous scatterer in Figure 1 (refractive index n = 1.1 1 ) as analogous to 
the plot with ne = 1.2 for the droplet with radial configuration. As in the case of 
homogeneous scatters, the maximum angle to which the approximation ADA can 
describe the angular structure of radiation does not exceed 30', and this angle 
slightly depends on the scattcrer parametm. 

Such a picture of changes in the ADA m r  for LC droplets can be explained by 
the existence of changes in the refractive index on the path of the beam inside the LC 
droplet.. This leads to the worsening of the conditions for the ADA applicability as 
compared to the homogeneous scattcrer. At the same time for the radial configuration 
these. changes am not as great as for some other configurations of the director real- 
ized in the LC droplet. Therefore, more significant crror of ADA descriptions is pos- 
sible. 

The transfer from isotropic to anisotropic droplets (see, for example, Figures 2,3) 
for the RGA, unlike the ADA, significantly affects the accuracy of this approxima- 
tion. Although the position of the mor minimum for them is shifted toward large 
scattercrs, as with c t s o h )  droplets. its value incrcaacs significantly compared to 
homogeneous scattcrcrs, as with tcharden, droplets. So the error value for droplets 
with radial structure exceeds already 10% even for the ccsofksb) (n, = 1.08) parti- 
cles, although with the homogeneous scatterer with the refractive index M = 1.1 1 the 
error is no rnm than 2%. This points to the growth of the influence of scattering 
multiplicities higher than the first one on the properties of LC droplets as cornpared 

I.  

, t... ., 

FIGURE 1. Q,, (Mie theory) as a func- 
tion of size parameter x for a homoge- 
neoussphercwith n = l . l l  a n d t h e m r  
of its calculation AQ for the DDA. RGA, 
and ADA. 

FIGURE 2. Q, (DDA) as a function of 
x for a spherical LC droplet with radial 
director configuration n,o , 
n, = 1.08(1)J.l1(2), 1.15(3)J.20(4) 
and A, for the RGA and ADA. 
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to homogeneous scattcrcrs in the range of sizes chsractaistic of the RGA. Note the 
noncharactuistic of homogeneous scatterers high maximum on the plot of the quan- 
tity I asafunctionofanglc(Fi~3,4)at6~115O'.For nr =1.08 and n. =1.11 
its value exceeds the value of I at 6 LII 0'. Such a dependence of the angular struc- 
ture for homogeneous droplets is abscnt and the appearpnce of a high maximum at 
S LII 50' is due to the peculiarities of scattering from the considered type of inhomo- 
geneous droplets. Such a picture of scattaing by the droplet with d i a l  configuration 
was considered ints1 and attributed to the analogy of the scattaing from the radial- 
configuration droplet with the scattering h m  an annular screen. 

Conclusion 
"he results DtCBmud in this mper &t, in general. 8118wcrj1g the question about 
peculiarities-of applicability o?the k f d  appkximations for 
As can be seen h m  these results, the DDA can dcscn'be the yattering efficiency 
factor fairly exactly, including that portion of the range of size parameters w h m  nei- 
ther the RGA nor the ADA give a sufficiently accmte result. As would be expected, 
the DDA has an apparent advantage from the viewpoint of cxactnesa of the descrip- 
tion. At the same time, for the DDA itself for 1- angles of scattering and large 
sizes of droplets certain complications of computing arc observed. 

@lets. 

+-----------~ 

FIGURE 3. I (DDA) as a function of 6 FIGURE 4. Z (DDA) as a hct ion  of 6 
for a spherical LC droplet with radial di- for a spherical LC droplet with radial di- 
rector configuration ( x  = 5 ,  &,n, arc as rector configuration ( x  = 5 ,  &,n, arc as 
in Fig.2) and the crmr of its calculation in Fig.2) and the error of its calculation 
A,, for the RGA. A,, for the ADA. 
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FIGURE 5. I (DDA) as a function of 6 for a spherical LC droplet with radial di- 
rector configuration (x = 5 ,  n,, , n, arc as in Fig.2) and the errar of its calculation 
A , ,  for the ADA. 
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