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Abstract 

 
The concept of local homogenization is employed for estimation of the relative permittivity scalars in copper Sculp-
tured  Thin Film (STFs).  Three absorption transitions of dielectric to metal occur in the copper STFs. These transi-
tions reduce to two in columns with circular cross section, when the volumetric fraction of metallic particles in-
creases from zero to unity. The first transition occurs at low volumetric fraction of metallic inclusions and the other 
two transitions appear at high volumetric fraction of metallic inclusions. The influence of the column shape factors 
on the absorption transitions of dielectric to metal is also reported. 
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1. Introduction 
 
The Sculptured thin films (STFs) are columnar thin 
films that their columnar growth direction can change 
suddenly during their growth [1]. When  the columnar 
thin films with a diameter of 10 to 300 nm are depo-
sited at oblique incident and the two principal axes of 
rotation can change separately or together, then many 
kinds of morphologies in nano-scales can be produced 
[2-4]. The optional rotation of these two principal axes 
results in two groups of sculptured thin films, namely 
sculptured nematic thin films (SNTFs) [5] and thin 
film helicoidal bianistropic media (TFHBM) [6]. The 
SNTFs are two dimensional nano-structures with sim-
ple shapes such as oblique columns, chevrons, zig-
zags, and complex morphologies including shapes 
such as C, S and many other shapes. The TFHBMs are 
three dimensional nano-structures including morphol-
ogies from simple helicoidals to super helicoidals [7]. 
STFs are porous with anisotropic structures, and their 
structure can be designed in different useful shapes. 
Therefore their structure can be filled with gases, liq-
uids, liquid crystals, organic monomers and other ma-
terials. This will change their optical activity consi-
derably so that they can be used as optical sensors for 
detection and quantification of chemical, biological 
and nuclear media [8]. 

A STF is defined as a composite material consist-
ing of two phases (i.e., material and vacuum). The 
mathematical processes that describe the transition 
from a nano-structure to continuum length scales is so 
called homogenization [9,10].  The homogenization 
has a principal role in the estimation of the relative 

permittivity scalars in STFs [11,12]. Three absorption 
transitions of dielectric to metal occur in composite 
material, out of which only two are sensitive to plane 
waves at normal incidence [13]. The Bragg peak re-
sults in higher reflectivity spectra when the absorption 
transition of dielectric to metal occurs at high volume-
tric fraction of metallic inclusions [11-13].  
In this work the absorption transition of dielectric to 
metal in a composite STF made of copper is reported. 
In addition the influence of different columnar shape 
factors on these transitions are also investigated. 
 
2. Theory 
 
Each column in the STF structure is considered as a 
string of identical long ellipsoids. The surface of each 
ellipsoid in relation to its centroid may be considered 
in Cartesian coordinates by [14]: 
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where δ is a linear measure of absolute size of an el-
lipsoid, while the factors ߛଶ and ߛଷ are the transverse 
aspect ratio and the slenderness ratio of the ellipsoid, 
respectively (Fig. 1) [15]. 
In order to obtain the relative permittivity scalars, the 
Bruggeman formalism was used [16]: 
 

௦݂ sA ൅ ሺ1 െ ௦݂ሻ
υ

A ൌ 0 ,                                        (2) 

 
Where ሺ0 ൑ ௦݂ ൑ 1ሻ is the volume fraction of the el-
lipsoidal inclusions. The polarizability dyadic of an 
ellipsoidal inclusion

s
A , embedded in the homoge-

nized composite medium is denoted, on a per unit vo-
lume basis, by [11]: 
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where 0  and I  are null and unit dyadics, respective-
ly and ݏߝ ,0ߝ and  ߭ߝ  are the free space, bulk metal 
and vacuum permittivities, respectively. refε is given 

as [13]: 

yycxxbzzaref uuuuuu εεεε ++=                    (4)                      

 
Fig. 1. A STF column which is considered as a string of 
identical long electrical ellipsoids with shape factors of   
 .૜ࢽ ૛ andࢽ
 
 The relative permittivity scalars ߝ௔,௕,௖ are implicit 
functions of frequency. xu , yu , and zu are unit vec-
tors in the Cartesian coordinate system. The permittiv-
ity of free space (vacuum) is, ߝ଴ ൌ 8.854 ൈ
10ିଵଶ ܨ  ݉⁄ .  

The depolarization dyadic of an ellipsoidal region 
in the homogenized composite medium (HCM) is giv-
en by [12]: 

 In order to concentrate on the absorption transi-
tions from dielectric to metal due to metallic ellipsoid-
al shape, it is assumed that the vacuum topology is the 
same as metallic topology in all calculations (i.e., 
ଶߛ

௦ ൌ ଶߛ
௩, ଶߛ

௩ ൌ ଶߛ
௦) [14]. 

 In order to obtain the relative permittivity scalars 
 ௔,௕,௖, equation (2) should be solved numerically. Theߝ
solution can be readily obtained, using the iterative 
methods such as Jacobian technique [14].  

 
 
 
 

4. Numerical results and discussion 
 
It is assumed that the STF is produced from isotropic 
copper with bulk permittivity of  ߝ௦ ൌ െ7.67 ൅ 2.63݅ 
at wavelength of 590.38 nm [17], and let the ellipsoi-
dal copper particles to be embedded in the dielectric 
medium (i.e., vacuum). The ellipsoids are considered 
to be electrically small (i.e., small in a sense that their 
electrical interaction can be ignored). In addition the 
film is considered to be porous and for vacuum ߝ௩ ൌ
1.  
 In order to obtain the real and the imaginary parts 
of the relative permittivity scalars ߝ௔,௕,௖, Eq. (2) was 
solved iteratively for columns with circular cross sec-
tion, ߝ௔ ൌ ଶߛ௕ሺߝ ൌ 1 ݊݉ሻ, and for columns with non-
circular cross section ߝ௔ ് ଶߛ௕ሺߝ ൌ 10 ݊݉ሻ for dif-
ferent values of  ߛଷ. The results are plotted as a func-
tion of volumetric fraction of metal inclusion ௦݂ in 
Figs. 2 and 3, respectively. 
 In Figs. 2 and 3 it is obvious that when ௦݂ ՜ 0 (the 
medium consists of only vacuum) and ߝ௔ ൌ ௕ߝ ൌ ௖ߝ ൌ
௩ߝ ൌ 1, and when ௦݂ ՜ 1 (the medium consists of  
only metal) and ߝ௔ ൌ ௕ߝ ൌ ௖ߝ ൌ ௦ߝ ൌ െ7.67 ൅ 2.63  i. 
When  ߛଶ ൌ 1 nm, the ellipsoids can have shapes 
similar to prolate spheroids (ߛଷ ظ 1 ݊݉ሻ, spheres 
ଷߛ) ൌ 1 ݊݉ሻ, or oblate spheroids (ߛଷ ط 1 ݊݉ሻ. 
 From Fig. 2 it can be obviously deduced that when 
ଶߛ ൌ 1 ݊݉, the cross section of columns in xy plane is 
circular and  ߝ௔’s  behaviour is similar to that of  ߝ௖ 
(different values of  ߛଷ), and if  ߛଶ ൌ ଷߛ ൌ 1 nm, then 
each column of STF is composed of spheres ሺߝ௔ ൌ
௕ߝ ൌ -௖ሻ, and an isotropic composite material (copperߝ
vacuum) is formed (ߛଷ ൌ 1 ݊݉ሻ. 
 In Fig. 3 it can be seen that when ߛଷ ൌ 1 ݊݉, the 
columns’ cross section in xz plane is circular ሺߝ௔ ൌ
ଷߛ௕ ሺߝ ௔ is the same asߝ ௕ሻ  and the behaviour ofߝ ൌ

1 ݊݉ሻ. If  ߛଶ ൌ ଷߛ ് 1 nm, then the cross section of 
each column of STF in xy plane is circular ሺߝ௕ ൌ  ,௖ሻߝ
and ߝ௕ and ߝ௖ behave similarly (ߛଷ ൌ 10 ݊݉ሻ.  
Generally, there are three absorption transitions from 
dielectric to metal (when ܴ݁ ൣߝ௔,௕,௖൧ ط  0ሻ in these 
films. There are only two transitions for columns with 
circular cross section (Fig. 2). When ߛଷ ط  ଶ the firstߛ
transition happens in ߝ௔ ൌ  ௖ and the second transitionߝ
occurs in ߝ௕. When ߛଷ ظ  ଶ the first transition occursߛ
in  ߝ௕  and second transition occurs for  ߝ௔ ൌ    .௖ߝ
 For columns with noncircular cross section, all 
three transitions exist. When ߛଷ ط -ଶ the first transiߛ
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tion occurs in ߝ௖, and the second transition occurs in 
ଷߛ ௕. Whenߝ ௔ and the third transition occurs inߝ ظ  ଶߛ
the first transition occurs in ߝ௕, and the second transi-
tion occurs in ߝ௖ and the third transition occurs in ߝ௔. 
In Table 1 the values obtained for the volumetric frac-
tion of metallic inclusions ௦݂, when the real part of the 
relative permittivity scalars, ߝ௔,௕,௖ becomes negative 
are given. These values are obtained for both columns 
with circular and noncircular cross sections. 
 
 

5. Conclusions 
 
The relative permittivity scalars ߝ௔, ߝ௕ and the com-
posite relative permittivity ߝ௕ for copper STFs consist-
ing of columns of circular cross section and columns 
of noncircular cross section after hemogenization are 
computed, using Bruggeman formalism. For columns 
with noncircular cross section all three absorption 
transitions from dielectric to metal exist, while in case 
of columns with circular cross section the number of 
transitions reduces to two. 

 
 

    
 

     
Fig. 2. Computed values of  ࢈ࢿ  , ࢇࢿ  and ࢉࢿ as a function of  ࢉࢌ  in copper STF for different values of  ࢽ૜ · ૜ࢽ ൌ ૚ ࢓࢔, 
( ૜ࢽ ൌ ૙. ૚ ࢽ      ,࢓࢔૜ ൌ ૙. ૞ ࢽ    ,࢓࢔૜ ൌ ૚ ૜ࢽ    ,࢓࢔ ൌ ૚૙ ૜ࢽ     ,࢓࢔ ൌ ૛૙ ࢓࢔) 
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Table 1.  The volumetric fraction of metallic inclusions ࢌ, when the real part of the relative permittivity scalars, ࢉ,࢈,ࢇࢿ 
becomes negative. 
 

 γଷ ൌ 0.1 nm γଷ ൌ 0.5 nm γଷ ൌ 1 nm γଷ ൌ 10 nm  γଷ ൌ 20 nm
 ௖ߝ* ௕ߝ* ௔ߝ* ௖ߝ* ௕ߝ* ௔ߝ* ௖ߝ* ௕ߝ* ௔ߝ* ௖ߝ* ௕ߝ* ௔ߝ* ௖ߝ* ௕ߝ*  ௔ߝ*

γଶ ൌ 1 nm  0.143 0.867 0.143 0.312 0.587 0.312 0.443 0.443 0.443 0.568 0.105 0.568 0.578 0.112 0.578 

γଶ ൌ 10 nm 0.156 0.895 0.115 0.393 0.699 0.110 0.568 0.568 0.105 0.867 0.143 0.143 0.887 0.116 0.155 
 

*) For the ௦݂ values given in this table the corresponding real part of the relative permittivity scalar on that column (row 2) 
becomes negative 
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For columns with circular cross section consisting 
of oblate spheroids, the first transition occurs in 
௔ߝ ൌ -௖ and for low volumetric fraction of metal inߝ
clusion  ௦݂ (because of increased continuity of metallic 
ellipsoids) the second transition happens in ߝ௕. In case 
of prolate spheroids the results are opposite to those 
obtained for oblate spheroids.  
 For columns with noncircular cross section con-
sisting of oblate spheroids the first transition occurs in 
-௖, and the other two transitions occur at higher voluߝ
metric fraction of metal inclusion ௦݂, while for col-
umns composed of prolate spheroids the first transi-
tion occurs in ߝ௕, and the other two transitions occur at 
higher volumetric fraction of metal inclusion. It is also 
observed that the absorption transitions from dielectric 
to metal (copper) in copper STF composite of (metal 
(copper)-vacuum) are strongly dependent on the col-
umns shape factors, ߛଶ and ߛଷ.   
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