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Abstract

In this work we analyze the problem of finding the electric behavior of an
anisotropic ellipsoid (arbitrarily shaped) placed in a dielectric anisotropic
environment. We suppose that the whole system is exposed to a uniform electric
field remotely applied. In order to find the resulting electric quantities inside the
particle and outside it we adopt a technique largely utilized for solving similar
problems in elasticity theory. The inhomogeneity problems in elastostatics are
solved within the framework of the Eshelby theory, which adopts, as crucial
points, the concepts of eigenstrains and inclusions. The generalization and
assessment of such an approach for the dielectric inhomogeneity problems is
here addressed by means of the introduction of the concepts of eigenfields
and inclusions in electrostatics. The advantages of this methodology are
mainly two: firstly, we can consider completely arbitrary dielectric anisotropic
behavior both for the particle and the host matrix. Secondly, we easily
find explicit expressions for the electric quantities both inside and outside
the inhomogeneity. The problem under consideration was solved in earlier
literature by analyzing the singularity of the dyadic Green function, expressed
as a two-dimensional integral. Here we propose a reformulation described by a
one-dimensional integral obtained from explicitly electrostatic analysis, which
can have both pedagogical and computational importance. We also introduce
a method to generalize these results to the case of an arbitrary nonlinear
anisotropic ellipsoid embedded in a linear anisotropic matrix. Finally, we show
some applications to the dielectric characterization of anisotropic composite
materials.

PACS numbers: 02.30.Em, 61.72.Qq, 77.84.Lf, 46.25.Cc

(Some figures in this article are in colour only in the electronic version)

1751-8113/08/415205+24$30.00 © 2008 IOP Publishing Ltd Printed in the UK 1


http://dx.doi.org/10.1088/1751-8113/41/41/415205
mailto:stefano.giordano@dsf.unica.it
mailto:pierluca.palla@dsf.unica.it
http://stacks.iop.org/JPhysA/41/415205

J. Phys. A: Math. Theor. 41 (2008) 415205 S Giordano and P L Palla

1. Introduction

One of the most important preliminary issues in homogenization theory for composite materials
is knowledge of the behavior of a single particle embedded in a given matrix. Once this problem
is solved, the homogenization procedure continues by means of some ad hoc averaging of
the electrical quantities over the whole region occupied by the heterogeneous material [1].
Typically, when an averaging process is chosen it generates a particular effective mean field
theory [1, 2]. This approach has successfully been applied in several theories: one of the first
attempts to model a mixture is given by the Maxwell theory for describing a strongly diluted
suspension of spheres [1-3]. A better model is provided by the differential method, which
derives from the mixture characterization approach used by Bruggeman [4]. In this case, the
relations should maintain the validity also for less diluted suspensions. Moreover, the first
papers dealing with mixtures of ellipsoids were written by Fricke [5], dealing with electrical
characterization of inhomogeneous biological tissues containing spheroidal particles. Some
other generalizations for a population of ellipsoids, obtained with the differential method, can
be found in the current literature [6]. Usually, in the technical literature Maxwell’s relation
for spheres and Fricke’s expressions for ellipsoids are so-called Maxwell-Garnett effective
medium theory results [6, 7]. Recently important results have been obtained for complex
[8, 9] and nonlinear dispersions of particles [10—14].

As said above, the starting point of all these theories is knowledge of the electrical behavior
of a single particle embedded in the given matrix: the solution of this problem, formulated for
isotropic ellipsoidal particles embedded in an isotropic environment, is well known and largely
spread in applications. Relative mathematical expressions can be found in several textbooks on
electromagnetism [15, 16]. The aim of the present work is to introduce a methodology to cope
with the completely anisotropic problem and to illustrate the relative outcomes. In particular,
we have found explicit expressions for the electric field both inside and outside the ellipsoidal
particle. We have followed an approach that is widely utilized in similar problems within
the elasticity theory. The problem of an inhomogeneity in heterogeneous elastic materials
has been completely solved by Eshelby in the case of isotropic environment by means of a
very elegant mathematical procedure [17, 18]. In this work we follow that line of thought
but we apply it to anisotropic dielectric composite systems. The complete development of
the Eshelby theory for the elasticity theory can be found in Mura’s textbook [19], where all
the details are deeply analyzed. As described above for the dielectric case, also for elastic
materials knowledge of the behavior of a single inhomogeneity has opened the way to the
characterization of composite elastic materials from the mechanical point of view (micro- and
nano-mechanics) [20, 21]. Anyway, to make the paper suitable for a broad readership we
do not use any results of the elastic Eshelby theory and we present all the detailed proofs
within the electrostatic theory: so the development remains self-contained. Nevertheless, it is
interesting to remark the strong analogy between electrostatics and elastostatics: in table 1 we
draw a comparison among all the corresponding elastic and electric quantities for the reader
interested in such a similarity. The electric equations are written in the absence of free charges
and the elastostatic relations are written in the absence of external forces: the analogy holds
on when all the sources are absent or remotely applied. For brevity, we do not discuss here
the meaning of all the elastic quantities, which are explained in standard elasticity textbooks
[22]. The analogy between elasticity and conductivity problems has been formalized in earlier
works in order to homogenize composite materials by obtaining the effective elastic moduli
and the effective conductivity [23]. In particular, it has been exactly proved that the effective
conductivity corresponds to the effective bulk modulus, if the Poisson ratios of the phases are
set to zero [23].
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Table 1. Comparison among the most important quantities and basic equations of the electrostatics
and the elasticity theory.

Electric quantities

Elastic quantities

Electric field E; oV Elastic strain €s.ij L ou L B
. . E, =— Lo : 6“:7(,'+, )
Electric potential % ! xi  Elastic displacement  u; ST 2 \0xy T Oy
Electric displacement D; Stress tensor T;;
Maxwell equation L?,L:f 0 Balance of forces 5L =0
X ’
Permittivity tensor €ij Stiffness tensor Cijkn
Constitutive equation D; = ¢; E; Constitutive equation  T;; = C;jkn€s,kn

The application of the Eshelby approach to several inhomogeneity problems is not new
and many results can be found in the literature. In fact, a similar attempt, based on the
equivalent inclusion method, has been developed in the framework of steady-state thermal
conduction [24]. This approach has been successfully applied to the determination of the
effective thermal conductivity of a misoriented short fiber composite and to the thermal
conductivity of coated filler composites [25, 26]. In these works, the thermal Eshelby tensor
has been obtained in a completely isotropic environment: we observe that our anisotropic
result given in equation (32) (see below) is in perfect agreement with such achievements
when isotropy is assumed. Moreover, electromagnetic characterization of different composite
materials has been performed by means of the so-called depolarization tensor which can be
simply related to our electric Eshelby tensor [11]. It has been introduced in the form of a
dyadic Green function in a bianisotropic medium [27]. In particular, such a depolarization
tensor has been applied to homogenize very general bianisotropic-in-bianisotropic particulate
composites [11]. In addition, this method has been utilized to obtain the effective properties
of nonlinear (or weakly nonlinear) heterogeneous media [12—-14].

Our extensions to earlier methodologies, described in the present paper, are the following.
In previous works the depolarization tensor for anisotropic and bianisotropic media is typically
written in terms of a double integral (over the angles of a spherical coordinate system) [11]:
by means of a completely different method, in this work we are able to present an equivalent
internal electric Eshelby tensor (for anisotropic but not bianisotropic media) in the form of
a simple integral (rapidly convergent for any kind of anisotropy, see equation (32)). This
simplification is an improvement that can be useful to develop efficient numerical procedures
for homogenizing composite materials. In other words, we provide a reformulation of the
singularity of the dyadic Green function [27], known as a two-dimensional integral, as a
one-dimensional integral with pedagogical and computational applications, which is obtained
from explicitly electrostatic analysis. Moreover, we also present the external electric Eshelby
tensor (see equation (33)) which completely governs the behaviour of the electric quantities
around the embedded particle (in the entire space): to the authors’ knowledge, an exact
solution for the external fields in a complete anisotropic environment is not present in the
previous literature. In fact, a common feature of all effective medium theories is that the
actual microscopic distribution of the physical quantities around the particles are simply
coarse grained. Nevertheless, the external Eshelby tensor facilitates the determination of the
spatial distribution of the electric field nearby the inhomogeneity and evaluation of its local
fluctuations, which are very useful to analyze material failure or breakdown phenomena [28].
These effects occur at localities where the intensity of the electric field is maximum or at spots
where the energy concentration is very large [29]. Finally, we describe the generalization
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of the procedure to the case of a nonlinear anisotropic dielectric ellipsoid embedded in an
anisotropic matrix. The result stated in equation (44) represents an implicit equation giving
the exact electric field induced into such an inhomogeneity. Typically, electrically nonlinear
problems have been solved approximately only for Kerr-like nonlinearities [13]. Therefore,
our approach can be used to extend the homogenization procedures to arbitrarily anisotropic
and nonlinear particles dispersions.

The paper is structured as follows: in section 2 we derive the Green function for the
electrostatics of anisotropic media. So, in section 3, we introduce the concepts of eigenfield
and inclusion. Moreover, we separately analyze the electric field due to an ellipsoidal inclusion
(section 4) inside and outside the ellipsoid. The corresponding Eshelby tensors are described
in section 5. At this point we explain the equivalence principle, which allows us to solve
the inhomogeneity problem by using the concept of inclusion (both for linear particles in
section 6 and nonlinear particles in section 7). Some computational aspects of the external
fields are discussed in section 8. Finally, we show some applications to the dielectric
characterization of anisotropic composite materials in section 9. It must be underlined that from
a merely mathematical standpoint, the problem of calculating the effective permittivity tensor
is identical to a number of others, for instance to that regarding permeability (in a magnetostatic
situation), conductivity (in the stationary case), thermal conductivity (in a steady-state thermal
regime), diffusivity (in stationary diffusion processes) and so on. Throughout all the paper

<>

we use the following notations: the vectors are indicated by v and tensors by 7. Moreover,
we adopt the Einstein convention for implicit sums over repeated indices unless the explicit
summation symbol is used.

2. Green function for anisotropic media

An important preliminary issue for the following purposes is the determination of the electric
Green function for an anisotropic environment. Therefore, we have to solve the basilar
equation of the electrostatics, as described in table 1, with an impulsive source corresponding
to a charged point Q. It means that we have to solve the following differential problem,

V-[EVV(H] = —05(F) (1)
or
0 0 . N
g5y VO =050, )

with an arbitrary permittivity tensor € having elements €;; (§(7) is the Dirac delta function).
This problem is solved in appendix A by obtaining

0

4774/ det CFT e 17

We now consider an arbitrary spatial charge distribution pror(#). The corresponding

electrostatic total potential Vror(¥) in the anisotropic environment can be obtained with a

convolution integral between the above Green function and charge distribution
1 / pror(X) dX

<~

4/det € o \/(; —HTEF =)

This is true because of the linearity and space invariant properties of the original partial
differential equation analyzed.

V()= 3)

Vior(F) =

“4)

4



J. Phys. A: Math. Theor. 41 (2008) 415205 S Giordano and P L Palla

3. Eigenfield and inclusion concepts

We define a certain region of the space as an inclusion when the constitutive equation, in

that zone, assumes the form D = ?(E —E *), where E *(r) is an assigned vector function
of the position 7, which is named an eigenfield. We remark that the concept of inclusion is
determined by the presence of a given eigenfield, which modifies the constitutive equation
as discussed above, but it is not connected with the permittivity tensor ?, which remains
homogeneous in the entire space. In this work, in order to indicate spatial variations of the
permittivity tensor, we adopt the term inhomogeneity (see the next sections). The eigenfield,
defined in some region of the space, acts as a sort of source of the electric field and its
effects can be studied as follows. If the free charge distribution is absent in this region, we
may use the Gauss equatlon V.-D = 0, obtaining V. [€ (ZZ Z?*)] = 0 or, equivalently,
V. [e E ] = V. [e E *] Now, we can 1ntroduce the electric potential in the standard way,
writing the relation v . [e VV(r)] = —-V. [e E*] or, similarly, the generalized Poisson
equation V. [?%V(?)] = —p*, where p* = % . [?E *] is the charge distribution equivalent to
the eigenfield. In this context, the introduction of the concepts of eigenfield and inclusion has
not a given direct physical meaning but it is a physical-mathematical expedient very useful to
solve some problems in the electrostatics of the inhomogeneities, as we will show later on. So,
we want to analyze the effects of the presence of a given inclusion (described by its eigenfield)
on the electrical quantities. To begin with, we suppose that the eigenfield is defined in the
whole three-dimensional space and, therefore, we may solve the generalized Poisson equation
by means of the Green function introduced in the previous section,

/ s len Ef (X)) dX
47rx/det6 W \/( ;)T?—l(;_}).
Now, we can use an integration by part, holding on for multiple integrals, which can be written

as follows:
3 39
f“ D)= (x) ——f“ () (x) (©6)

X1

Vior(F) =

(&)

where ¥ (¥) and A(X) are two given functions with sufﬁciently regular behavior at infinity (this
property is an immediate consequence of the Gauss-Ostrogradsky theorem). Application of
this relation to equation (5) simply leads to

1 -
ewE} (x) dx. (7)

47[\/ det 6 /“3 \/( x)TG_l(r - %)

Moreover, it easy to recognize the validity of the expression
0 1 d 1

Vior(F) =

= =—— (8)
Wi -pree-n M e-prei-n
and therefore we can put equation (7) in the following form,
Vror (F) . / E{( ) 1 dx )
ToT(r) = ——F—=% [ €l (X X.
4y det € I \/( —OTENF —F)

If the eigenfield E; (X) is constant in a limited region V of the space, we can say that we are
dealing with a uniform or homogeneous inclusion V and the relative electric potential over the
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entire space becomes

1 £ d /‘ dx
—F——=€u L, — .
4y/det € ar V\/(;_;)T(g—l(;_)‘c’)
We define the anisotropic harmonic potential of an arbitrary region V as

Yy (F) = / : 1D
" -

x)T -1 —X)

Vior (F) =

(10)

So equation (10) can be written
1 Ay ()
(_)ElkE/t . (12)
4/ det €

or, 1
Moreover, we define the isotropic harmonic potential of a region Q2 as
dy
2V (@=y»"q-y)
In electrostatics and, more generally, in physics and mathematics many useful properties
are well known for the isotropic harmonic potential [19, 30, 31]: in order to utilize these
properties in our context, it could be interesting to obtain a relation between the anisotropic

and the isotropic potentials defined in equations (11) and (13), respectively. To this aim,
we undertake the following line of reasoning starting from equation (11) and recalling the

(—)(—)(—)

diagonalization € =RTAR (see appendix A) for the permittivity tensor

Yv () = / \/
(F —

Vror(F) =

Po(q) = 13)

_>

dx

)C)TRT IR(}" _ )C)
dx

(14)

/V \/[A*I/ZRG —OIT[AV2RGF —X)]
By using the substitution y = Al 2(1_?))?, which leads to dX = v/det € dy, we obtain

Yy (7) = \/dete/ v det€®: . (A~V2RF) (15)
R AR RE - S

where the symbol A2RY represents the deformation of the volume V under the effect of

the linear operator Z’l/ ZZ. A very simple property of the isotropic harmonic potential is the
following,

Po(RG) = D3y (@), (16)

holding on for any orthogonal rotation matrix Z This property can easily be verified as
follows:

<, dy dv dv -
®a(R9) =/ = =ﬁ P =ﬁ e o~ Lire@ (7
2 |RG -y JRe|RG— RO RN

<~
where we have used the substitution y = Rv which leads to dy = dv since the determinant of a

<~ <>
rotation matrix is unitary (we have also considered ||Rg — Rv|| = ||g — v||: a rotation matrix
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does not alter the length of a vector). Now, we can apply the property given in equation (16) to
equation (15), obtaining

Yy () = Vdet €ds o (A7)

(—)(—)(—)

det €., v (RRTA 12 RF)

<

I

deteCDE © V(R 1/2Rr)

= x/det?ob\/alv(\@* ) (18)

<> > <>
where we have used again the diagonalization € = RTAR for the symmetric permittivity
. = . . . = < -~
tensor. The operation v € assumes a precise meaning by writing v € = R’V AR where
<>
Vv A is simply the tensor with the square roots of the diagonal elements of A (of the principal
permittivities); in fact, the product v €V € can be simply calculated obtaining, as result, the
permittivity tensor € itself. Similar considerations can be also applied to the square root of

the inverse tensor €, which can be written as Vel = E)T\/X 1R, However, equation (18)
is the researched relationship between the anisotropic and the isotropic potentials.

Finally, by composing equations (12) and (18), we obtain the following general relation
for the electric potential generated, in the whole anisotropic space, by a uniform eigenfield,

1
Vior(F) = elkEka s W7 (19)

written in terms of the isotropic harmonic potential defined in equation (13) (but related to the

region \/? ~1V and calculated in the argument \/? ~17). This result will play a crucial role in
the development of the theory.

4. Ellipsoidal uniform inclusion

We wish to specialize the result given in equation (19) for an inclusion with an ellipsoidal
shape. So, we assume that the region V is described by

rl -'T<_>—2—>

3
V: Z - or 7 <1 (20)

i=1 i

Q

where ay, a, and a3 are the semi-axes of the ellipsoid aligned with the reference frame and
we have defined a diagonal matrix a with the diagonal elements equal to a;, a; and a3. In
order to develop the integral in equation (19) we may better characterize the region \/? “ly.
If a point y belongs to \/? ~1V we can write y = \/? ~1¥ where 7 € V; so by considering the
inverse relation ¥ = \/? y and substituting it in equation (20), we obtain a useful description

for Ve v

Vev: WiV <. @1
So, the region \/? ~1V is again ellipsoidal but the ellipsoid is not aligned to the axes of the
reference frame and it is described by the tensor \/? Z’—zﬁ . Therefore, such a tensor is not

7



J. Phys. A: Math. Theor. 41 (2008) 415205 S Giordano and P L Palla

diagonal but symmetric, positive definite and always diagonalizable by means of a suitable
rotation matrix ;

VEaE o BrieE @2
where Z is a diagonal matrix containing the three semi-axes by, b, and b3 of the rotated
ellipsoid \/? ~1V; of course, these three values are the eigenvalues of the tensor \/? 2’72\/? .
Moreover, it is important to observe that the rotation matrix ;, which diagonalizes \/? 2’2\/? s
is different from the previously introduced rotation matrix }3, which instead diagonalizes the
permittivity tensor €. Anyway, a point y belongs to Velv it }T(§T2‘2;)§ < 1 or,
similarly, if (;})T(I;‘z(;}) < 1; hence, we define a point 7 = ?S} belonging to the domain
v = pJelv. So, the point Z belongs to V' if and only if 22 < 1. Therefore, since

<~ <> <>
V' = PV €1V, we can write V€'V = PTV’, where V' is the ellipsoid z7 p 27 < 1
aligned with the reference frame under consideration. At the end of these considerations we
may transform the isotropic potential appearing in equation (19) as follows:

WVER) = vy (pVER). 23)

In the second equality we have used the property given in equation (16) and described in the
previous section. Finally, the electric potential generated, in the whole anisotropic space, by
a uniform ellipsoidal eigenfield is given by

Tvr

<_ 1> _ .
(D«/gflv(\/; =3

N 1 8 < Jeo_ 14
Vror(r) = EEII{EIJQV/(P\/; 7). 24)
/

g g . . . > <~ <> <> <~
We remember that P and ) are defined by the diagonalization \Fe a?>Ve =pPlp~2pand

the region V' is defined by all the points 7 satisfying ZTZ’ZZ < 1. The final result given
in equation (24) is the most important result in order to write the electric potential Vror(F)
in closed form: in fact, now, the isotropic electric potential ®y- is written in terms of an
ellipsoidal region aligned to the reference frame. In the following sections, we find out simple
analytical expressions for the electric field both inside (7 € V) and outside (¥ € ER3\V) the
ellipsoidal inclusion. Details of the two calculations can be found in appendices B and C,
respectively.

4.1. Electric field inside the inclusion

The aim of this section is to find an explicit expression for the electric field generated inside
the inclusion in terms of the uniform eigenfield defined above (we remember that 7 € V' if
and only if 7 € V). We need to develop equation (24) with a well-known important property
of the isotropic harmonic potential, described below. The isotropic harmonic potential defined
by
e @5)
v Iz = pll

where V' is the region defined by 272_22 < 1, can be represented by means of the following
integral [19, 30, 31], which is a classical result in potential theory

. 01— f(@Z,s)
@/(Z)=Trbbb‘/ _
% 1babs | R)
for Z belonging to V'. The functions f(z, s) and R(s) are defined as follows:

ds (26)
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3 2

- Z;
fGs) = ; P 27
R(s) =/ (6% +5) (b +5) (b3 +5)- (28)

Such an integral representation can be utilized in equation (24), as described in appendix B,
in order to obtain the final result for the internal electric field in the simple form

(29)

- | det(a) /+°° (@2 +s5€)”!

E =
\/det(a +se)

4.2. Electric field outside the inclusion

Now, the aim is to find an explicit expression for the electric field generated outside the
inclusion in terms of the uniform eigenfield (we remember that Z ¢ V' if and only if 7 ¢ V).
Again, we need to develop equation (24) with another important property of the isotropic
harmonic potential. It is defined in equation (25) and it can be represented by means of the
following integral [19, 30, 31], which is another classical result in potential theory

oo l_f(29s)

RG) ds (30)

Oy (2) = 7Tb1bzb3/

n(2)

in the region outside V' (i.e. 7 € M3\V’). The functions f(Z,s) and R(s) are defined in
equation (27) and the quantity 1(z) satisfies the relation f(Z,n(zZ)) = 1. Such an integral
representation can be utilized in equation (24), as described in appendix C, in order to obtain
the final result for the external electric field in the form

B )_det(a)/J’Oo (@ +se)'e

Vdet(a? +se)

1= S _1onT
B det(a) [(Cl +77€) rlile(a”+ne) 'r] E* 31

Jdet(@2 + ) (@ + 1) [€(@ + )17

where the function 7 (7) is implicitely defined by 77 (@ +ne) = 1.

5. The electric Eshelby tensors

At this stage of the work we have completely solved the problem of a homogeneous ellipsoidal
inclusion in an anisotropic environment. This solution can be summarized as follows. Both
equations (29) for the internal field and (31) for the external one define a tensor which acts
on the eigenfield to give the effective electric field in the corresponding region. By adopting
a terminology taken from the elasticity theory we may call such tensors the internal electric

Eshelby tensor S’) and the external electric Eshelby tensor (§°° () [10, 11]. Their complete
expressions are as follows:

(32)

Ezdet(g) /+°° (@2+se) e

\/det(a2 +se)
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RNV

D=¢E
E=8()E"

[t

Figure 1. Scheme of an inclusion V with eigenfield E* embedded in an anisotropic environment.
The results in terms of the interior points and exterior point Eshelby tensors are also shown.

Oo( )_det(a)/“’o (a +s6)

\/det(a +se)

—1z2112 52 \—121T
_ det(a) [(a +ne) rlle (a®+ne) 'r] ' (33)

Jdet(@2 + ) (@ +n€)TFIT[E(@ +n€)~17]

Such definitions allow us to put the final equations for the electric field (see equations (29)
and (31)) in a very simple form:

E=SE* if Fev -
R\V.

S

- <~ -
EF) = S*(F)E* if
A summarizing scheme of the problem of an inclusion in an anisotropic environment can be

found in figure 1, where the constitutive equations and the results in terms of the electric
Eshelby tensors are reported in both internal and external regions.

6. Equivalence principle

In this section we show that the problem of an electrostatic inclusion, as stated in the first part
of this work, is extremely useful to solve the problem of a given anisotropic inhomogeneity
placed in an anisotropic matrix. We will show an equivalence principle that reduces the analysis
of the behavior of an inhomogeneity to that of an inclusion. Let us start by considering an
ellipsoidal inhomogeneity with permittivity tensor ?,- embedded in an anisotropic environment
with permittivity €. We suppose that the whole structure is subjected to an external uniform
electric field (remotely applied) E® (of course we have D® = €E ). We are searching
for the perturbation to this uniform field induced by the presence of the inhomogeneity.
The equivalence principle, which we are going to illustrate, has been summarized in
figure 2. The actual presence of an inhomogeneity can be described by the superimposition
of the effects generated by two different situations A and B. The first situation is very simple
because it considers the effects of the remote field £ in an homogeneous matrix without
the 1nh0mogene1ty In such a case, we simply observe that the electric displacement vector
D>® = € E™ remains uniform in the entire space. Situation B corresponds to an inclusion

10
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Em
S S/
¥y ¥ ¥ A
D™ =¢E~
i PO
b =gEr [
D™ =¢F y;
LV e
T v

R S
E=8"(F)E’

{5 — )

a

RNV

Figure 2. Scheme of the equivalence principle between the inhomogeneity problem and problem
A (homogeneous medium) superimposed to problem B (inclusion as reported in figure 1).

scheme where the eigenfield E* is still unknown and it can be determined by imposing the
equivalence between the original problem and the superimposition A+B. We define as Dy and
E\o the electric quantities in the initial inhomogeneity problem; as said above, the fields D™
and E correspond to the remote applied field and completely describe situation A; finally,

problem B is described by the electric variables D and E Therefore, in any points of the

space we have the superimposition Dtm — D*® + D and Etm — E®+E. Hence, inside the

ellipsoid we obtain
<~ - <~ - <~ - -
€ Eoq=€E¥+€(E—-E*
-)l tot R B ( ) (3 5)
Ewt = E®+E.
These relationships, which must be verified in the internal region, allow us to calculate the
exact value of the eigenfield £* that assure the equivalence between the initial problem and

the model A+B. Since E = EE *for 7 € V, we may write
€iEq=€cE®+€¢(S— NE*

Ew = E® + SE*. (36)

11



J. Phys. A: Math. Theor. 41 (2008) 415205 S Giordano and P L Palla

By substituting the second relation in the first one we have

E(E®+SE) = €E®+¢(s — 1E". (37)
This is an equation in the eigenfield E* that can be easily solved by obtaining

E*=[(] — '€y = 51 E>. (38)
This is the value of the eigenfield that ensures the validity of the equivalence principle.

Moreover, it is important to calculate the total electric field E induced inside the

inhomogeneity. From the second relation given in (36) we derive E* = S“(I:Ztot —E )
and therefore, from the first one, we have

(giémtz ?Eoo"'(g(s - I)Sil(EIO[_EOO)' (39)

This equation in the unknown Etm can be solved with straightforward algebraic calculations,
arriving at the solution

> <~ <« < P >
Eq=1[I-S(I—¢' €y E™ (40)
when 7 € V. This is the internal electric field induced in the ellipsoid: this is a uniform vector
field since all the quantities involved in equation (40) are constants.
Now, we can consider the external region: here the superimposition Ey = E* + E

simply leads to the relation Etot(?') = E® + (§°° (7)2? *, which, by considering the eigenfield
obtained in equation (38), leads immediately to the final result

Ea®) ={I+S*MI(1 - 'ep" — sTHE® (41)
when 7 € W3\ V. The solutions given in equations (40) and (41), concerning the internal field

and the external field respectively, become at last operative when they are coupled with the
definitions of the Eshelby tensors, summarized in equations (32) and (33). Furthermore, we

. . . . . . . <>
point out that these results have been written in terms of the matrix permittivity tensor €, the

inhomogeneity permittivity tensor ?i, the ellipsoid tensor a (contained in the Eshelby tensors)
and the externally applied field E°.

7. Generalization to nonlinear inhomogeneities

A nonlinear anisotropic (but homogenous) ellipsoid can be described from the electrical point
of view by the constitutive equation

D= €i(E)E (42)
where D is the electric displacement inside the particle, E is the electric field and the dielectric
tensor function ?i (E ) depends on the electric field E. This functional relationship takes into
account all the anisotropic and nonlinear possibilities for the electric behavior of the embedded
particle. Let us now place this inhomogeneity in a linear (anisotropic) matrix characterized by
the tensor permittivity? and let us calculate the field inside the ellipsoidal inclusion when a
uniform external field £ is applied to the system. If the particle were linear, in the dielectric
sense, with constant permittivity ?i, we would have, inside the ellipsoid, a uniform electric
field E given by equations (40) and (32), which lead to

-1

ds€ —€)) | E>. (43)

<»dm%/m(?+ﬁw
0

Eq=|1- —_—
2 P PN
Vdet(a?+s€)

12



J. Phys. A: Math. Theor. 41 (2008) 415205 S Giordano and P L Palla

Conversely, if the sphere were electrically nonlinear, it is easy to prove that the internal field
would satisfy the implicit equation
~1

ds[é — €;(E)] | E™. (44

- o det(a) /*00 (@2 +s€)”!
0

Egw=|1T-—
2 P <
Vdet(a?+s¢€)

This is true since the electric field Emt fulfilling equation (44) satisfies both Maxwell’s laws
and the boundary conditions at the inclusion surface as its linear counterpart (43) does when

?i = ?,-(Z?wt). In other words, if a solution of equation (44) exists, due to self-consistency,

the problem is completely analogous to the linear one, provided that ?,- = ?,-(E[m). Once
equation (44) is solved for the internal field Eqo, the external field can be simply determined
by equation (41), which continues to be valid also in this nonlinear case (since the nonlinearity
is limited to the inhomogeneity).

8. Computational aspects of the external field

Both in the linear and nonlinear cases the external field is given by equation (41) where the
external Eshelby tensor §°°(7) should be calculated from equation (33). In this relation appears
the function 5, which is implicitly defined by FT(@%+ne)"'F = 1 (see equation (C.8)).
Hence, when an arbitrary position vector 7 is given, we have to find the corresponding value of

1 that satisfies 77 (Zz +7 ?) ~1¥ = 1. This can be done with several computational approaches:
here we present a simple iterative technique, which yields a simple implementation and a
fast convergence. We start from equation (C.8), which can be easily rewritten in the form

PT 2’2(? + n?Z’*Z)*IF = 1. Now we can use the following general property holding for any
tensor A and for any scalar quantity 7,

o1

T+ =T —-nA +9D7" (45)
Therefore, our implicit equation for 1 can be written as
FTaT —nl(€a ) +n 117 =1 (46)

With some rearrangements such a relation can be cast in the useful form

ST
a7 —1

n= s (47)
Fla-2[a2e ' +n[]'F
This equation is always in implicit form, but it can be used to define a recursive scheme as
follows:

no(r) =0

FTa—2 — 1 48)
FTa2[a26 + () 11717
The initial value introduced in equation (48) corresponds to the value of 7 for 7 belonging to

the ellipsoidal surface. An example of the behavior of this recursive scheme has been shown
in figure 3, where we have assumed the following tensors in arbitrary units:

N (F) =

11 5 9 7 2 3
a=15 17 8 =12 11 8. (49)
9 8 19 3 8 9

13
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Figure 3. Convergence of the iterative algorithm defined in equation (48) for different values of
the position vector 7 (h = 1, ..., 10) and for several steps (k = 1, ..., 1200). We have used the
particular tensors defined in equation (49).

As one can verify, both such tensors are symmetric and positive definite, as required by their
geometrical and physical meaning. We have plotted iterations for ten different values of 7
described by the simple law 7 = 20h(1, 1, 1), i.e., the vector 7 has modulus 20h+/3 and
direction (1, 1, 1) for 4 ranging from 1 to 10. We have performed iterations for 1200 steps and
we have represented their behavior for each value of 7. We may observe that the convergence is
slower for points with a greater distance from the origin of the reference frame. Nevertheless,
the algorithm is always convergent in a practically acceptable number of iterations. Moreover,
at the end of the procedure the relation 77 (22 +n(F) ?)’17 = 1 is satisfied with great accuracy
for any values of . Therefore, this simple method can be profitably utilized in numerical
implementation of the theory described in this work.

9. Applications to anisotropic composite materials

In recent years there has been considerable interest in the linear and nonlinear response of
anisotropic composite materials [32, 33]. The Maxwell-Garnett approximation [6] is one of the
most widely used methods for calculating the equivalent dielectric properties of linear isotropic
inhomogeneous materials. Here, the effective dielectric tensor of a dispersion of anisotropic
inclusions embedded in an anisotropic host has been calculated using a generalization of
the Maxwell-Garnett approximation. It involves an exact evaluation of the uniform electric
field induced inside a single ellipsoidal inclusion and the evaluation of electrical quantities,
averaged over the mixture volume. This approach has been extensively used for studying the
properties of two-component mixtures in which both the host and the inclusions are isotropic
[6, 7]. Also anisotropic spheres in an isotropic matrix have been largely studied by means
of this method [34-36]. So, in order to generalize these situations we consider a population

of anisotropic parallel ellipsoids (?,-) randomly embedded in an anisotropic matrix (?). The
random character of the system is limited to the positions of the inhomogeneities and not to
their orientations. We define the volume fraction of the embedded phase as c¢. The dilute
limit is assumed (¢ < 1), so that each inclusion basically ‘feels’ only the uniform, externally
applied, electric field. Therefore, the average value of the electric field over the whole structure

14
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is given by
(EY=c[] — S(T — €VENTE® + (1 — ) E®
={elT - S(T — €N+ — ) T}E™ (50)

where we have used equation (40) for the internal uniform field induced in each ellipsoid.
The relation between the average electric field in the heterogeneous system and the external
applied one is, therefore,

E® ={c[] - S(T— € e + (1 — 0T} HE). (51)

At this point we may evaluate the average value of the electric displacement in the dispersion
of ellipsoids; we define V as the total volume of the mixture, V, as the total volume of the
embedded ellipsoids and V, as the volume of the remaining space among the inclusions (so
that V = V, U V,). So, the average value of D(F) = € (F)E(7) follows:

- 1 <~ =d 1 <~ > 1 <> jud

D)= — | e(HE(F)dr = —¢€ E@dr+—¢; | EF)dr 52

b= [ FoEda =37 [ EoapE [ Eo (52)

or, equivalently

fd 1 <> hd <> nd <> nd <> -
(D)=—|:e/Ed?+efEd?+ei/Ed7—e/Ed7i|
14 v, V. V. V.,
= €(E) +c(€; — €)(En)
= €(E)+c(e;— O —S(T — €VEHIE™ (53)

where (Ewt) is the average value of the electric field induced inside the ellipsoids; it can be
considered uniform and therefore we obtain the final result given in equation (53) by taking
into account (40). Now, by substituting equation (51) in (53) we simply obtain

(D) = €(E)+c(€;— )T —S(T—'en1!
) {ell = S(T — €N+ =) T} HE)
— CE)+c(€;— T +(1 =T — S(T — ENYUE).  (54)

Then, we define (Zeff as the effective permittivity tensor of the whole mixture by means of the

relation (f)) = (geff<E ). Drawing a comparison between this definition and equation (54) we
may find a complete expression, which allows us to estimate the effective permittivity tensor

Cr=cre(€— T+ —0)Sel(€;— . (55)

By recalling the definition of the internal electric Eshelby tensor we obtain the final result as

—1
<~ PaS PES PaS <~ dte +00 (_)2+ €)1 PES PaS
Cp=crc@i—-T+a-0 ez(“)/ @+se) g -l . e
o det(z_l)2 +5€)

This relation is valid for low values of the volume fraction c¢ (is exact for ¢ = 0). Nevertheless,
quite surprisingly, it furnishes exact results also for the extreme case ¢ = 1. Anyway, the
results cannot be considered correct for large values of the volume fraction. In order to
generalize this approach to higher values of the volume fraction we may adopt the differential

. . . <~ . . . . . .
scheme [4, 6]. We indicate with € 4 the estimate of the dielectric tensor obtained with this
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method. As described in several works [4, 6], the incremental procedure leads to the following
differential equation for the effective properties:
de€ gir 1 0 € cfr
de  1—c¢ dc

(57)

o o
c=0, e =€ gitf

where the initial condition is ?diff (c=0) = € and (geff is given by the dilute result shown
in equation (56). Performing the operations indicated in equation (57), we simply find the
explicit form of the effective differential method,

-1

< SN oadoo (T2 T N1
d€ gitr 1 < < < det(a) (a” + s € gigr) < <
= (€; —€aqir)y I + ds(e; — €gitr) (58)
dc 1—c 2 Jo oy o
det(a +s5€ diff)
. <~ <> . . .. . . .
with €4 (c =0) = €. We summarize the various quantities involved in the previous

equations: € is the tensor permittivity of the matrix, ?,- is the tensor permittivity of the
parallel ellipsoids, 4 its tensor of the semi-axes of the ellipsoid and the solution (Zdiff is
the effective dielectric tensor. It is interesting to note that the components of the effective
tensor are strongly analytically coupled in the system of differential equations appearing in
equation (58). In order to show a simple example we consider the case with the tensors

<> > o

€,€;,a and (gdiff contemporaneously diagonal in the same reference frame. This means that
the geometrical principal axes of the ellipsoids are parallel to the optical principal axes of the
ellipsoid and the matrix. Moreover, we assume an isotropic material for the inhomogeneities,
ie. ?,- =€ 7 (¢, takes the role of scalar permittivity for the ellipsoids). The external medium
(?) is instead considered anisotropic with three different principal permittivities (€10, €29, €30)-
Similarly, the effective dielectric tensor ?diff has the three principal permittivities €}, €, and €3.

Summing up, equation (58) corresponds to the following system:
-1

dEk 1 ayazas +eo ds (E,‘ - Ek)
e R I
¢ ¢ 0 (@ +sa)/(a} +s€r) (a3 + 562) (a3 + 565)
€r (C = O) = €}0- (59)

Now, in order to obtain a simpler model, we consider, as a particular case, elliptic cylinders
aligned with the x3-axis; it means that we perform the limit a3 — o0 in equation (59). The
result is the following:

-1
dé] 1 ajay +oo dS(Ei —61)
Ez_l—c(ﬁ_él) 1+ ) 5 327 12
0 (al +S61) (612 +S€2)

d, _ 1 (¢, — €) {1 L@@ /‘“’O : ds(e; — €2) }1 (60)
0

de 1-c 2 a? +se)? (a2 +se,)

d€3 1 ( )

S € — ¢

dc l—c ' ’

where the initial conditions €; (¢ =0) = €19, (c =0) = €39,€3(c =0) = €3¢ must

be considered. The integrals appearing in equation (60) can be solved in closed form
by using the following result (that can be simply verified by means of the substitution

x = 4/(a+bs)/(c+ds))

1 [* ds 1
- = 61
2 A (a+bs)? (c+ds)'?  Vab(Vad + v/bc) o1
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Figure 4. Comparison among the results for €; obtained with the anisotropic differential system
(62) and the standard differential method (63). The solutions of equations (62) are placed under
the corresponding solutions (63).

which is correct for arbitrary positive numbers a, b, ¢ and d. So, by assuming €19 = €39 =
€30 = €, (scalar permittivity of the matrix) and by defining the aspect ratio e = a,/a;, we
finally obtain

de; € — €1 €1e+ . €16

de 1—c €e+  Je1€x

@zei—6262+€m ©2)

dc 1l —c € +e ey

d63 _ € — €3

de 1-c¢
with €) (c = 0) = €, (c = 0) = €3 (c = 0) = ¢,,. The solution of such a differential system
can be compared with the standard solution obtained by means of the differential method
applied without taking into account the anisotropic character of the system. These simpler
and approximate solutions can be found in the literature [6] and they are reported below for
completeness:

€ — €1 € el
l—e=—"1(=2
€ —€n \€1

€& — € <e,~>vi1 (63)
=82 (4

€ —€n \€2

e3=cei+(1 —c)ey.

The solutions concerning the x3 direction are perfectly coincident in both approaches and,
therefore, we do not draw further comparison. Indeed, this relation is an exact result describing
a parallel connection of capacitors (the interfaces are aligned with the electrical field). On
the other hand, the first two relations in (62) and (63) require more refined checks. We
have numerically solved the differential system formed by the first two equations (62) and
the corresponding irrational equations (63). In figures 4 and 5 we have shown the results
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Figure 5. Comparison among the results for ¢, obtained with the anisotropic differential system
(62) and the standard differential method (63). The solutions of equations (62) are placed above
the corresponding solutions of (63).
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Figure 6. The variations Ae (values obtained with equation (62) minus values obtained with
equation (63)) are plotted versus the volume fraction c of the composite material. One can see that
the relative error can assume values up to 20%.

in terms of the volume fraction ¢, by assuming €; = 100 and €,, = 1 (in arbitrary units).
We have drawn a comparison for different values of the aspect ratio of the elliptic cylinders
(e = 0.01, 0.2, 0.5 and 0.8). Being ¢ < 1, we have explored the situation wherein the axis
along x, is shorter than the axis along x;. Firstly, it is interesting to observe that the estimation
of €; with the improved (anisotropic) differential method (62) is less than the estimation
obtained with the approximated differential method (63); on the other hand, the estimation of
€, with the anisotropic differential method (62) is greater than the estimation obtained with
the standard differential method (63). This fact can be easily seen in figure 4 for €, where the
solutions of equation (62) are placed under the corresponding solutions of equation (63), and in
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figure 5 for €;, where the solutions of equation (62) are placed above the corresponding
solutions of equation (63). The extent of the differences between the two approaches can be
found in figure 6, where the variations Ae (values obtained with equation (62) minus values
obtained with equation (63)) are plotted versus the volume fraction c of the composite material.
One can see that the relative error can assume values up to 20%.

10. Conclusions

We have introduced a methodology to cope with the problem of the electric behavior of
an anisotropic inhomogeneity embedded in an anisotropic host matrix (environment). This
problem has been solved by drawing a comparison with a similar one, placed within the
elasticity theory. Therefore, we have developed a general theory (similar to the Eshelby one)
describing the electric quantities both inside and outside the particle in the case of arbitrary
anisotropic behavior of the involved materials. We have also described a generalization of the
case of an arbitrarily nonlinear and anisotropic inhomogeneity. Finally, we have investigated
the consequence of these achievements on the characterization of composite materials by
means of the differential effective medium theory.

Appendix A. Anisotropic Green function

The differential problem stated in equation (1) or (2) can be straightforwardly solved by means
of the three-dimensional Fourier transform, which converts the vector 7 to the vector Q. As
well known, the differential operators must be transformed via the rule 9/dx; — 1€, simply
obtaining this result for the electrical potential in the transformed domain:

P=—2 -2 (A1)

Gk[Qk Ql Qr (ZQ
It is worth saying that any kind of anisotropy can be modeled through the procedure here
presented, including uniaxial, biaxial and also gyrotropic media, in which the permittivity
tensor contains an antisymmetric part. However, in the following, we consider a symmetric

permittivity tensor in order to exploit diagonalization by means of a suitable orthogonal matrix

R this is done for the sake of simplicity in the exposition and it does not restrlct the generahty

< O

of the present approach. Therefore, we may assume the diagonalization € = RT AR where A
is a diagonal matrix with the principal permittivities of the medium (positive numbers). The
electric potential can be written in the original spatial domain as follows:

0 exp(iQ'7) dQ2
Q@) Jye (VRRD)T(VARD)

Here v A represents the diagonal matrix with the three square roots of the principal

. 1 - = -
V(r) = f V(Q)exp(iQ'7r)dQ = (A2)
)" I3

permittivities. The last integral can be simply handled with the substitution y = \/—Z (1_552,
which leads to the differential relation dy = \/cﬁ dQ = \/(W dQ (det Z = det € since
Z and € are equivalent matrices). Thus, we have

0 exp(irT RTVA ') dF
27)3V/det € /ms M7 3

Now, we may remember the well-known transform couple 1/|7| — 471/||§2||2 (the norm
symbol ||| means +/ 97 ¥, as usual), which helps us to solve the integral in equation (A.3) as

V()= (A.3)
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follows:

0 L 0
4nvdet € VAR ax/det €77 17

We have described a complete proof for the sake of completeness and because the Green
function is the fundamental starting point for this work; equation (A.4) can be also verified
with other methods, as reported, e.g., in the Landau textbook [16].

V(i) =

(A4)

Appendix B. Calculation of the internal field

Determination of the internal electric potential can be made through the combination of
equation (24) with (26):

(B.1)

- 1 , 0 1= £z, 9)
Vior(r) = EélkEka—rl |:7Tb1b2b3/ f— ds
0

R (s)

<>
whereZ = pv € 'Fis implicitely assumed. The electric field can be calculated differentiating
the previous relation with respect to the position vector 7. In components we obtain

. E* 8 8 +00 ",
E;(F) = 2k pbyby 2 FG.9) g
4 orj or; [LJo R(s)

3
ElkE;: f+m 1 Jd 0 ) ds
" Zi:l B2 +s Lor; or " | R(s) -2

<>
where 7 = pv e 17 is again implicitely assumed. The term in brackets can be developed in
this way (the index i is not summed):

da 0d da d = =
o [Piq(\/zil)qsrs][l)ip(\/zil)prrr]

@)z =
or;j or z=py €17 or; or

= Py Piy(V € )y (V) 1 (87,805 + 8,184
= PPy (Ve )y (Ve + PyPy(VE (Ve (B3)

For convenience, we define the tensor F, appearing in equation (B.2), as follows:
3

1 a 9
Fj= — | — (). - = _|. B.4
i IZI: blz +S [8rj ary (Zl)§=P\/:l7i| ( )
It can be easily handled in tensor notation
F=Ve Pl +s PV =2V e (TP +s ) We! (B.5)

. > <> 2 <~ <—>T<—> 2<—>
In the main text we have assumed that v € a “v € = P’ p =P and therefore we also have

\/;—1“2\/;—1 _Oro,o ) ] ) ) .
€ ‘a~yv € = P’ p~P. Thislatter relation, placed in equation (B.5), leads to the following
simple expression:

F=2/e ' (Ve ae sy Ve = 2@ +56)7 (B.6)
It is interesting to observe that, proceeding with the calculations, the auxiliary quantities
}_’) and };, defined in equation (22), gradually disappear, obtaining the final results only in

<~ <~ . .. . . . . .
terms of € and a, which are the quantities with a direct physical and geometrical meaning.
<>
Moreover, since the tensor F does not depend on the position 7, we have obtained an important
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achievement: the electric field generated inside the ellipsoidal inclusion is uniform. Returning
to equation (B.2) for this electric field and recalling the definition given in (B.4), we obtain

ElkEk +oo ds
E; = 1 blbzbsj(; Fjl_R(s) B.7)

or, in tensor notation,

1. deth)  -. 1 [* o _det(b
= -/ Fedet® 45 = -/ 2@ +56) 1280 B B
4/, R(s) 4 ), R(s)

ool

From the above relation v e ~'a2ye ' = pTp2p we easily obtain pVela/ep
b? and consequently the term det(5)/R(s) can be further expanded as

det(p)  ydethd) JaetpVE a1 pr C de(@)
RGs) \/det(z;”?) \/det(;\/?*lgzx/?*I;T+s7) \/det(?{us?)

where we have repeatedly utilized the Binet theorem [38] for the product of two determinants

(B.9)

(which can be stated in the form det(g) det((g) = det((g(];) for two arbitrary tensors @ and ([;).
The final result, derived from equations (B.8) and (B.9), is given in equation (29). We have

. . jud . . . . . . . <> .
found the uniform electric field E generated inside a uniform ellipsoidal inclusion (a) in an
anisotropic environment (?) in terms of the eigenfield E*.

Appendix C. Calculation of the external field

The resulting electric field for 7 € R\ V is given by (see equation (24))

leE Jd 0

L — — [0y @), NS (C.1)

E:(¥) =
i) 4w Or; O

. . - < /& 12« .
The substitution z = PV € ~'r immediately leads to the formula

0 = 92Dy,
a_a_l[q’v @, e\/g,.;=(\/z_l)JqPqu P VB(Z)Pm(f Dot (C2)

Now, for differentiating the harmonic potential ®y (Z) with respect to z, and z; we may use
the generalized Leibnitz rule [39] because the argument z appears both in the lower limit and
in the integrand of equation (40). The result is

3Dy (Z)
02,0Z;

(C.3)

d = +00 2 =l
b b2b3[8f(z, m 1 @ _/ 0°f(z,s) ds }
n

dz; R(n) 0z G 02,0z R(s)

The derivative 97(Z)/dz, can be calculated by recalling the definition of the function 1(Z)
(which satisfies the relation f(Z, n(Z)) = 1) and by using the Dini theorem for differentiating
the implicit functions [38]. So, from f(Z, n(z)) = 1 and from the definition of the function f
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given in equation (27), we obtain

3f+%3n

=0 (O)
8Zs 87’] 8Z‘y ( )
af 3 2 -
n 01 s ( Z )
=3 ) ) . (€5)
A 2
02 f bi+n \i5 (b +n)
These derivatives are also useful to simplify equation (C.3)
0 i a2 285
U _y 2 - (C.6)
0z by +s 0z,0z;  bi +s

Summing up, we may use equations (C.4) and (C.6) in (C.3), we insert (C.3) in (C.2) and we
obtain an expanded version of equation (C.1) for the external electric field:

= b1b2b3 \/‘_1 ZZSZ, 1
_/(r) = 2 €/q q°|:R(77)(b2+ U)(b2+ 77) Zk 1

(bz+17)2

+00 8§-ld
+/ i }me ewE; (C.7)
n

@ RE)(b7 +5)

where the bracket must be calculated for 7 = ;ﬁ —1%. As before, we wish to eliminate
the auxiliary quantities P and b, defined in equation (22) obtaining the final result only in

<~ . .. . . . .
terms of € and a, which are the quantities with a direct meaning in our problem. We start
from the definition of the function quantity n(zZ), which satisfies the relation f(Z, n(z)) = 1.

Returning to the spatial variable 7, we have to obtain an implicit equation for n(Pv ?’17);
<> <>

we may proceed in this way: the relation f(Z, 7(Z)) = 1 implies that Zrpr+nD 'z =1

and therefore we obtain the sequence of expressions

PVED G enD) ' PVET T =1 = PV BT P ) Vi =1
= FVEIWEPVE D Ve =1 5 @0 =1
(C8)

. . . <>
Hence, the function 7 directly depends on the main tensors € and a, as expected. Now,
we can begin the conversion of equation (C.7). The following term, which appears in
equation (C.7), can be converted with these calculations:

T ;

y (Pf B2 +n1) prl

3
2
k=1 (b +77)
S o o DA o, o A < /S .
=rT\/Z_]PT(bZ+n1)_IPPT(b2+7]I)_IP\/Z_1r
=V VNG g VTV VT
R N B O
=A@V VOV E T 4+ VO
) S 1o, < -
=r'(a“+ne) "e(a“+ne) r. (C.9)
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So, equation (C.7) can be converted in tensor notation as follows:
=2b*+nD7'ZZT B2+ 1

FT(a2+n€)~le(a2+ne)-17 R

N BN
EGF) = zdet(b)\/;_lPT

+00 (_)2 e—ld o IS PN
+/ G +sD" ds | 5 /g (C.10)
0 R(s)

We remember that the product Zz7 in the previous expression represents the external product
of vectors giving, as result, a tensor Zz! whose components are given by (zz7);; = z;z,;. With
a series of considerations similar to the previous ones we may state that

Ve PTG +n D) 52 (b2 +n) ' PVE = (@2 +n€) T (@2 +n€)! (C.11)
\/?—IFT(Z2+S?)—I;\/?—1 — (@ +pe)”! (C.12)

and, therefore, the final equation for the external electric field is given in equation (31) (we
have also used equation (B.9)).
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