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ABSTRACT: An approach to derive structure functions of electromagnetic interactions
in the system of multiple resonant magnetodielectric spheres is considered. Expressions
for magntic- and electrical-type tensor functions of electromagnetic interactions in the
system of spheres are obtained, the expressions for structure functions of magnetic and
electric type are analyzed.

The investigations of resonance properties of electromagnetic interactions in
many-body systems attract considerable attention. In the present paper, the
analysis of electromagnetic interactions in many-body systems is restricted to the
case of spatial systems of the small uniform resonant magnetodielectric spheres
[1]. In such spatial structures, the electromagnetic interactions between spheres
and the spheres themselves have resonance properties. Structural resonances of
electromagnetic interactions between the spheres can influence the internal
resonances of the spheres and their fine structure, which allows a theoretical and
experimental approach to be developed for examination of electromagnetic
interactions in multiple-sphere systems. It is convenient to describe the features
of electromagnetic interactions in sphere systems by introducing the notion of
structure functions of electromagnetic interactions. In the case of crystal lattices
these functions are related to the so-called Ewald lattice sums, playing an
important role in the dynamic theory of crystal lattices [2]. Structure functions
may be useful in theoretical and experimental studies of resonance
electromagnetic interactions in multiple-sphere systems, in studying physical
influence of the lattice structural resonances on the internal resonances of spheres
in the lattice and their fine structure [3], and in the experimental estimation of the
Ewald sums.

The aim of the present study is to develop a new approach to derivation of
structure functions of electromagnetic interactions in the system of small uniform
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resonant magnetodielectric spheres and to analyze their properties in several
spatial arrangements.

In this problem, the wavelength of scattered wave may be comparable to the
distances between spheres in the spatial structure.

PROBLEM FORMULATION AND SOLUTION

Topological structure of the sphere system. Let us consider a complex spatial
system of nodes, consisting of C sublattices ¢ (¢ € C). The sublattices ¢ are
generated by the coordinate presentation, which in Cartesian rectangular
coordinates have the following form:

X, =[s=0,5{(-1) =1}1d = (=) "'x,,_, (s =0,+1,£2,...),

Ve =[E=0,5{(=1) =1} ]Jh— (1) "y, o (£ =0,£1,%2,...), (1)
z,, =[p=0,5{(-D)" =11 - (-1)""z, ,, (p=0,£1,%2,...),

where d, h, [ are defined by the conditions ¥y =0, x=d, y=0, y=h, z=0,
z=1l,and X, .y, V.,> Z. o are the coordinates of the node that generates the

sublattice ¢ and that is located inside region defined by eq.(2), Fig. 1,

0<x..,<d,

0<y, o <h, 2)

0<z, ,,<L

FIGURE 1. Problem geometry.

In coordinate presentation of eq.(1) the parameter p may be a function of
parameters s, ¢ [3].
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Coordinates x,,).,,z., define the positions of nodes in sublattice ¢

outside the region eq.(2) and depend on coordinates X, _y, V., o>Z. - 1iME

dependence can be introduced into coordinate presentation of eq.(1), if
X, =05 Ves=0sZe p=o are considered to be some functions of time. An ordered triad

of numbers u = c(p,s,t) is associated with every node of the spatial sublattice ¢
eq.(1). Separate node of the structure will be denoted as u'=c'(p',s',t") ,
whereas the node inside region eq.(2) will be denoted as c¢(p =0,s =0, =0).
By specifying maximum values of (p,s,f) in eq.(1) it is possible to consider
both finite and infinite spatial structures.

Required unit cell type (primitive, body-centered, face-centered, etc.) is
formed from C nodes inside region eq.(2) and repeated outside region eq.(2) by

coordinate presentation eq.(1) giving a spatial system of nodes of defined type.
Figure 2 shows two systems of nodes for the cases:

a) p=0,£1,12; s =0,£1,+2; t =0,£1,12;

b pooater, Al W 1o C0sia, h

p=0xl,x2,.. T |s|'|t|‘ ; 8 =0xL,x2; t=0,£1,£2, the case where
the spatial arrangement of nodes is defined by the structure of the Fermat
numbers [4].

If coordinates of the nodes in region eq.(2) are changed, positions of the
nodes outside region eq.(2) shift accordingly leading to the cell rearrangement
and formation of spatial configuration in the structure. When the generating node
lies in the center of region eq.(2) values d, 4, and / represent lattice constants of a
regular orthogonal lattice with respect to x, y, and z axes, respectively.

The distance between nodes is defined as

2

2 2
rc'(p',x',t’),c(p,s,t) = \/(xc’,s’ - xc,s ) + (yc’,t' - yc,t ) + (Zc',p’ - Zc,p ) . (3)
Located in the nodes of sublattices eq.(1) are centers of spheres with

permittivities &, ), permeabilities ., . and radii a,,, (further in the

text denoted as &,, 4., and a,, respectively). The spheres are located in free

space. Fields are represented as E(7,t)=E(7)e ,H(F,t)=H(F)e" .

Internal field of spheres in the spatial structures. To solve the problem it is
necessary to determine the internal field induced in the spheres by the external
field. Using the expressions for internal field it is possible to derive required
structure functions of electromagnetic interactions in a specific sphere system.

We will consider the case where relationship a,/4 <<1 is object outside the
sphere, but inside the spheres the resonance condition a, / ﬂg ~1 is possible, 4

and /A, are the wavelengths of scattered wave outside and inside the spheres.,
respectively.
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a) b)

FIGURE 2. Spatial systems of nodes

The internal field of the spheres can be found by solving the system of
heterogeneous equations that are constructed using integral equations [5] and the
results obtained in [3,6]. The heterogeneous equations for an arbitrary separate
sphere ¢'(p',s',t") in the spatial system can be written as

Sy +28, )+ 028, 5 +10,,( &,y +26,) -
( c'eff O) le ceﬁi"glcy lc( c'eff O)EOC’(p”y”[’) (F,’t)_

=

EOC'(p',s',t') (l" ’t) =

3¢g,€

I [ & =\
—ZZZ{(VVJszgoﬂo)E[ ﬁ—lecr(p,x,,)(r)E“

p st &y

c'(p,s,t):tc'(p',s',t')
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. 1 Iuc'(/ﬁr M 0 —»y
_lk,u() |:V:E[IU—O_IJW(PH)( )H (Pst)( t):|}]_

1 ceff =\ =~ —r
—Czl {;g;{(vvw%yg) = ( ”—IJWCK,,S,,)(r)ES(p,S,[)(r,t)—

&
(e=c")
. 1 :ucejf =\ 17 =1
_lk,uo |:V’E[ Ly lj c(p,s.t) (r)Hc(')(P,s,t) (l’ ’t):|}]’ 4)
_ . Mooy + 214 +6; Mooy T1O 0\ Mooy 200 ) — .
HOc'(p’,s’,t’) (r ’t) [( : O) RY7) ot ( : ) HO"’(P"SV”’) (r ’t) -
0

1 (e . ,
- VV + k2 guy )—| =L —1 (W H® 't
%?;{( + 50/”0)47[[ Lo J c(p,s,t)( ) (Pst) (V )+

c'(p.sit)xc'(p'.s't')

. 1 cleff =
—Hkgo{V,E( & —1]WE(F”)( )Eo(pst)(r’t)}}J_

C 1 lLlce" =\ 17 =1
Z (%%;{(VV—Fk2‘90/u0)E(_ﬁ_ljm](‘iy,s,t)(r)Hco(p,s,t)(r 1)+

Ho
()

: 1 gceff =\ I~ —
‘Hké'o {V,E(?—IJW(EP s t) (F)Eg(p,x,t) (I’ ,[):|}],

=1 a, =1 ! . g0 7!
where EOc(p g t)(r,t) ; HOc'(p',s',t')(r’t) and E° ot t)(r,t) ; Hc,(p,’s,’t,)(r ,t) are
the field of the incident wave and the internal field of sphere ¢'(p',s',t"), and
Eo(ps t)(F,t) ;I:If(p’s’t)(?,t) are the internal fields of other spheres, k =27/4;

0. =k’a’e,u,; g, and g, are the permittivity and the permeability of space
between the spheres.

Values W(p”)( )'W(p“)( 7') have the form (k, = ko1, )

KT s Vel ps)
N Ty &t
VVc(p,s,l) (}" ) - k3 (Sln klac - klac cos klac) B
1 Te(p's )l posit)

_iklrc'(p’.s’ ) p.s.t)
M N A, e AR
Wlosi) (7')=——(sink,a, —ka, coska,)
rc'(p',s',t’),c(p,s,t)

b
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and values &, , ., [7] can be represented as

Ecop = gCF(kac\/a) ,
Heefr :/ucF(kac\/J) >

6]

where (Fig. 3)

2(sinkac\/5cyC —kac\/gcuC coskacﬂlacyc)
(kzaczgc,uc —l)sinkac &M, +ka,\|e.pu. coska.|e.p, .

Fliafeat)-

A ImF(u), ReF(u)

W/

FIGURE 3. Function F(kam/gcyc )

First terms in the right-hand side of eqs.(4) are related to the internal field of
the sphere ¢'(p',s’,t). If the influence of other spheres is neglected, the rest of

the terms take account of the influence of other spheres on the scatterer
c'(p',s',t") . In system of equations eq.(4) account is taken of the mutual

electromagnetic influence of spheres in the spatial structure, and the main matrix
of this algebraic system of equations contains information about the
electromagnetic interaction between spheres in the structure.

Figure 3 shows peculiarities in the behavior of Re F(€) (solid line) and

Im F (@) (dashed line) plotted versus Re& for different values of dielectric
dissipation tano, (1 — tand, =0; 2 — tand, =0.05; 3 — tand, =0.1) and

U, =1,here @ =ka_ s u. .
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c
The algebraic system of equations consists of 2N = ZZ N_ heterogeneous

c=1
vector equations eq.(4), where N is the total number of spheres in the
arrangement, and N, is the number of spheres in sublattice c. Solution for this

set of equations for a separate sphere is

Eo(p o) ( ) AEM Z[Z[ 8u 0(, p.st)(]_’:',t)-{_ﬁuEu,HOc(p,s,t) (}7’,t):|J>
Ho(p st ( ) AEM ZLZ[ (p,s,z)(l” t)+gMu Eoc(p,s,t)(’_ﬂ,t)]}

(6)

where
Eu' Eu' Eu' [ pEd Eu' Eu'
Exu & xyu 8xzu ﬂxxu ﬂ Xyu ﬂ Xzu
~Eu' Eu' Eu' Eu' |, pEu _ Eu' Eu' Eu' | .
g, =& yxu g yu 4 yzu |? ﬂ u ﬂ yxu ﬂ wu ﬂ yzu ’
Eu' Eu' Eu' Eu' Eu' Eu'
Eow & zZyu 82z _ﬂ Zxu ﬂ Zyu ﬁ zzu
Mu' Mu' Mu' [ M’ Mu' Mu'
IB xxu leyu lezu 8xxu g Xyu 8xau
AMu' Mu' Mu' Mu' |, AMu' _ Mu' Mu' Mu'
ﬁ u - IB yxu ﬂ wu ﬂ yzu |° g8, =& yxu g wu g yzu |?
Mu' Mu' Mu' Mu' Mu' Mu'
ﬂ Zxu IB zZyu IB zzu L 8w 8 zyu 82zu

and A™ is the determinant of the main matrix of set eq.(4).
The component of the sphere internal field E? . (17 ’,t) in eq.(6) can be written
as

E)(C)u r' ) EM Z(Zl:gf;u Oxu(r t)+gxquOyu( "t)+g)cEZI;,EOzu(?,’t)+
+ EMHOW( ) fvl;HOyu( ) XEZZHOZM( ’ ):I)

Other components are obtained similarly from eq.(6).
In the case where the internal fields of all spheres with the same index p in

each sublattice eq.(1) may be assumed equal to field E° e(25-0,10) (F ' t) of sphere
c(p,s =0,t =0), the system of equations for the complex spatial structure of
spheres can be reduced to the system with 2(2| pm| + I)C equations, where p, is
the maximum value of index p (eq.1) in sublattice ¢, here the value of p, for all
sublattices is the same.

When the conditions a,/A<<1 and r./A<<1 (r, is the distance
between sphere centers, eq.(3)) are fulfilled and the internal fields in all spheres
of sublattice ¢ may be assumed equal to field E. e(25-0,10) (7',) of sphere located

7
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inside region eq.(2), set of equations eq.(6) can be reduced to a system of 2C
heterogeneous vector equations.

If the electromagnetic interaction between spheres in the arrangement may be
neglected, then expressions for the internal field eq.(6) of an arbitrary sphere in
the arrangement will be

- 3g,e -
E° 7o) = 0 E. . . (F.1),
elp-s) (r ) (566]. +2¢, ) + lecgcef +i6,, (gcef + 26‘0) Oc(post) (r )
o (7)
( ) 3/”()618lr r7 = )
c(p,s.t

o (P) g ()

:uceff + 2:”0 ) + elzcluceff + ielc (:uceyj’ + 2/'10

Shown in Fig. 4 are curves for modulus ‘77'"‘ and argument " and of real

Re and imaginary Im parts of the internal magnetic field of the sphere (eq.(7)) as
functions of the wavelength of incident wave A in the vicinity of the first internal
resonance of magnetic type. In this example a, = 0.15cm, ¢, =100, dielectric

dissipation tand, =0, u, =y, =&,=1, A is the resonance wavelength.

In”], Re, Im P’

60}

FIGURE 4. First internal resonance of magnetic type

As can be seen in Fig.4, when the electromagnetic interaction between
spheres in the spatial structure is neglected, real part of the expression (eq.(7)) for
the internal magnetic field of an arbitrary sphere in the arrangement may become

zero at the resonance (point A _in Fig. 4):
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R}, (Fit)=0, ®)

c(p.sit

which is also the case for the internal electrical field of spheres. Condition eq.(8)
is also fulfilled in the case where the electromagnetic interaction between spheres
is present.

Analysis of eq.(8) shows that the following equality is valid:

det Re”ai}w H =0, ©)

where ‘a;MH is the main matrix of algebraic system of equations eq.(4). Using

eq.(9) resonance conditions for the x-, y-, and z-components of internal fields can
be obtained.

Matrix Re‘

an H contains information about the electromagnetic interactions
between spheres in the spatial system.
In the case where all spheres in the arrangement are identical the order of

eq.(9) is determined by the order of matrix Re‘ , which is 6N, where

EM
&

C
N = ZNC is the total number of spheres in the spatial structure, N, is the
c=1
number of spheres in sublattice c.
When in the spatial structure all spheres of each sublattice are identical and
spheres in one of the sublattices ¢ are in resonance state, while spheres of the rest
of sublattices are not in resonance state, the order of eq.(9) will be 6/V.,.

If permittivities ¢, and permeabilities g, of identical spheres in the
resonant sublattice ¢ are real, the resonance conditions for N, spheres in
sublattice ¢ can be obtained from eq.(9) by solving it with respect to function
F (kac\/a ) with the assumption that spheres of other sublattices is not

resonant. Resonance conditions for spheres in the spatial structures consisting of
identical spheres are derived in a similar way.
The order of eq.(9) can be reduced by assuming the elements of matrix

ReHalfMH that are related to rof (eq.(4)) to be zero due to their smallness at

resonance. Then, eq.(9) decomposes into two independent equations:

det Re”a;f H =0, det Re”oz;5 H =0, (10)

where matrices Haf H and Haf H are related, respectively, to the magnetic and the

electrical internal fields of spheres. Using eqs.(10) it is possible to obtain
required resonance conditions. Simplification of eq.(9) may result in loss of some
information about the fine resonance structure of the internal fields of spheres.
The order of eqs.(9-10) can be reduced by choosing a corresponding spatial
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configuration of the sphere structure and orientation of the scattered field with
respect to the structure.

If the electromagnetic interaction between spheres in the arrangement is
neglected, the conditions of resonance for the internal electrical (£) and internal
magnetic (M) fields for arbitrary sphere in the arrangement (from eq.(9)) are:

2¢,(cosb,. +6,sinb,,)
FE ka(, [gc‘uc —_ 0 lc lc lc ,
’ ( ) E. [(1+912L,)cos010+chsin016]
11
244y (cos b, + 6, sinb,, ) (n

u -
F, (kac 8c:uc)_ #c[(lJrHi)cosﬁlc+6’lcsinalc]'

The Hertz potentials for the field scattered by spheres of the spatial structures can
be represented as a superposition of the Hertz potentials for separate spheres in
the arrangement (eq.(6)) [3]:

—ikyr,

C opsi)

L 1, . & = EVNY
HE(r,t):Zlgzy:Zk—f(smklac—kla(, cosklac)( gﬁ —lec(p’s,z)(r,t)

c=1 0

Te(p.sa) 1 (12)

C
=1

- ) _ —ikiryps.a)
7ad (F.t)= —Z{ZZZ%(sin ka, —ka, cosk]ac)(#w” —IJHE’(I,,N) (7,1) ¢ 1
' p s t 1 /u

0 rc(p,s,t)

Here

e == (7o) #(z 2, )

where coordinates (x,y,z) define the observation point for the scattered field
outside the spheres; coordinates (X, ., ,,Z.,) define the center of scattering

sphere in the spatial system (eq.(1)).
The expressions for the Hertz potentials eq.(12) can be employed for
studying the spatial structures composed of magnetodielectric and metal spheres.
Structure functions of electromagnetic interactions. Let us derive the
structure functions of electromagnetic interactions for spatial systems having
identical spheres in each sublattice, but with spheres of one sublattice ¢ being in
resonance state and spheres in other sublattices being non-resonant; permittivities

&, and permeabilities £, of the resonant spheres are real.

To derive the structure functions we apply the resonance conditions for
internal fields of spheres in the arrangement. Resonance conditions for the x-, y-,
and z-components of internal magnetic, E(M), and electrical, (E)M, fields of
spheres in the resonant sublattice ¢, as obtained from eq.(9), are (i,k = x,y,z):

10



STRUCTURAL FUNCTION DEVELOPMENT FOR ELECTROMAGNETIC INTERACTIONS ...

E‘Z(M) (kac \/ gcluc ) = f;ic(M) ( c')a
F'c(tlf)M (kac \/ gcluc ) = f;(tlf)M (;;c')’

here Ii,f,{(M) (kacq/gc ,uc) and E,E?M (kacq/gc ,uc) are the values of function eq.(5)
(Fig. 3) at resonance of the internal magnetic and electrical fields of spheres,

respectively (eq.(6)), and fc‘,i(M) (7o) f, (If)M (7..) are the functions depending

Ci

o

(13)

on the topological structure of the sphere arrangement, radii, permittivities, and
permeabilities of the spheres, and the wavelength of scattered wave.
For a separate sphere, the resonance conditions for the x-, y-, and z-

components of internal fields (eq.(7)) coincide and can be written (6, <<1,
eq.(11)) as

1+6;

2g, (1+9126)
& (1+207)

(14)
Fy (ka, e, )=

By subtracting the right-hand and left-hand sides of eqs.(14) from the right-
hand and left-hand sides of eqs.(13), respectively, we obtain for the internal
resonances of magnetic type

2
P ) ) 2 b 0 ),

#e (1+207)

and for the internal resonances of electrical type

2
0 ) )22 L o)

& (1+26)

The subtraction operation allows us to isolate terms that cause the shift of
resonance conditions eq.(13) with respect to conditions eq.(14).
Functions in egs.(15-16),

11
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E(M) (- _im O (5
(de (rcc, ) — IUCO (1 " 201% ) + f;-[k (rcc' )9 ( )
17
(B (= \_ 28 M M (7
(Dcik (rcc')_ gco (1+2912c) a (FCCY).

will be further referred to as the components of structure functions for
electromagnetic interactions of magnetic and electrical type.

Now, let us introduce the structure functions for electromagnetic interactions
of magnetic and electrical type for a separate sphere in the form of tensor
functions

(1 02 ) (Dfr(rM) (Fcc') 0 0
. +00) . .
q:f(M>(aL,.)=2ﬁ LT+ (7, = 0 M (7, 0 ,
He (1+267) En)
0 0 @ () ) (18)
. +00) . .
GO0 ()= 20 G <l 0 o) o
£, (1+20120) (B
O 0 q)czz (Fcc’)

Structure functions eq.(18) are also valid for the spatial systems of identical
spheres, provided that all sublattices in the sphere arrangement are resonant.

Structure functions eq.(18) depend on the permittivities and permeabilities of
all spheres in the arrangement, however, it is possible to introduce the
approximate, with respect to eq.(18), structural functions that are independent of
the permittivities and permeabilities of resonant spheres in the structure. Such
functions can be obtained by omitting the terms related to rot (eq.(4)) in eq.(9),
which make no significant contribution at resonance, and by using eqs.(10). To
do this, let us write the conditions eqs.(15-16) in the form

P (kaeor )~ F (ke scyc)=ﬂ{%+ﬁz<ac.>},

| 1+ 213120 19)
FE (ka e, )~ FE (ka e, ) =‘9—ﬁ . ;‘z 1k (ac-)},
then functions eq.(17) become to the following type
O (7)< o+ ).
3+46° @0)
O () =g+ A )

12
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The superscript notation in eqs.(19-20) is changed (cf. eqs.(15-16)) according to
the notation in eqs.(10).
Finally, the functions in eq.(18) can be rearranged to give

2 (I)Zx (Fcc') 0
Ay(?cc):3+4¢912¢ M ()= 0 q)fc‘){y P 0 i
1+26;, y
O 0 q)czz (’760')
(21)
2 q)fxx(?cc') 0 O
S g 3+446; . -
)=t )= 0 o (R) 0
le E .
0 0 @ (i)

For the arrangements of identical resonant spheres functions eq.(21) do not
depend on the permittivity and permeability of sphere material, which is
important, for example, in studies of resonance properties of crystal lattices.

In the case of infinite crystal lattices the functions eq.(18,21) incorporate the
triple Ewald sums with infinite limits of summation.

Structure functions for interactions in the linear lattice of spheres. Let us
derive the structure functions in the form of eq.(21) for the linear lattice of
identical spheres with real permittivities and permeabilities of sphere material
and with spatial configurationn shown in Fig. 5.

Consider the case where the linear lattice is exposed to the plane wave

propagating in the z direction with the electrical field vector of the wave EOx

being parallel to Ox axis (Fig. 5). Assume that in this case the internal fields of all
spheres in the linear lattice are identical.

—»
X 4 Eu.\‘
s=5 o
5‘24 '\‘.\'— H‘J_!'
5=3
=2 Ky

s=-1 L7 e z
=_2 ;, [
y
:_3 L
s=-4

FIGURE 5. Linear lattice of spheres

13
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Resonance conditions for the internal fields of spheres in the lattice can be

obtained from eq.(10). In this case the matrix af (eq.(10)) has the form
Ve Ve 0 0
Ref|=] 0 wiewp 0 22)
0 U

The elements of matrix

E
&

(€q.(22)) can be represented (Fig. 5; x, = x,,
X, o0 = X,_o 5 €9s.(1,5)) as

EQ' 2" 0' E' EQ' E' EQ' E' 0' E'
(l//wcx +l//xx):A5 _Aerxx’ (Wyy +l//yy):(l//zz ty.. ):Ag _Agryy’
! > 2 2
2 =B (e, coskr, +a,sinkr,), k=2z/2, k' =keu,,
s;:vv':O

S

E'_ _E _ . 2122

7,=7.=B Z (¢, coskirg+a,sinkr), 6 =k a gy,
=S

s#s'=0

o (& +26))+ (91256/7 + 1912(6‘4/{ +2¢,) 4 = [ge‘—ﬁ—lj

3¢e, &

B= %(sinkla —kacoska),
1

2 1
G =h—5 ay =k~
Tt ss'

5 1
° Cxx=k1 _+_3_
Voo Y,

s ss'

r:vs'

Ios' = |xs _xs':0|'

Using relationships eq.(19-20) we obtain the components of tensor function
®f (7,) (eq.21), 6, <<1)

3+46° 3+46° 3 .
E (= E
q)xx(rcc'): 12_ > ! oo T z—92'm,

1+267 1+267 37, 1-37,,

3+46} 3+46} 3 .
®E (7 )= L_ L ~3- -~ —-97E" 23
» (7 1+26  1+267 -37,, 1-37,, » @

q)fz (’7;0‘): q)fy (’766')’

14



STRUCTURAL FUNCTION DEVELOPMENT FOR ELECTROMAGNETIC INTERACTIONS ...

if the wavelength of scattered wave A — o, then

2 o1 : o1 1
E 3 Z E E 3 z
TV E a —S E, Tyy TZZ g a _3.

—s Py
s#s'=0 s#5'=0
The components of tensor function qADIC” (1760) (eq.(21)) can be derived from

eq.(23) by reversing the signs of ri , Tﬂ .

oA ). 2, @)
- o (Rer)
0.08
0 =,
i 4 A.cm
-0.08 i &
4 5:-_—_—__@_1'_1' ("(c

FIGUERE 6. Components CDZ (7 ), (ny (17“) of structure functions for interactions of magnetic

cc

and electrical type in the linear lattice of spheres

Figure 6 shows the dependences of tensor function (eq.(21)) components
CD% (1766), Cny (7_/;0) (eq.(23)) for the linear lattice (Fig. 5) on the wavelength of
scattered wave ¥. in the case where sphere radius a =0.15 cm, linear lattice
constant d =2.3cm, x,_, =1.15cm.

Analysis of eqs.(23) and Fig. 6 shows that the structure resonances of
electromagnetic interactions of magnetic and electrical types occur in the lattice
when the wavelength of scattered wave is comparable to the linear lattice

15
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constant A ~d . The structural resonances of magnetic and electrical type
coexist in the lattice and have virtually identical resonance wavelengths,
depending on the configuration of spatial structure and the radii of spheres in the
lattice. Each type of structural resonance exerts influence only on the analogous
type of internal resonance of magnetodielectric sphere in the linear lattaice. It is
possible to physically match the lattice structure resonances with the internal
resonances of the spheres in order to enhance their effect on the fine structure of
the latter [1,3].

Relation between structure functions and resonance conditions for spheres.
Resonance conditions for x-, y-, and z-components of the internal fields of a
separate sphere (eq.(6)) are related to the components of structure functions

(egs.(15-16))

2 (ka, %):_ﬂw O (7)),

ciK 2 cik cc
1+6,
FAM (kaJep, )=~ 220 olB ()
( ) g 1+202 " (7)

Discussion on the possibility of experimental estimation of structure
functions. Expressions for structure functions eq.(18,21) may contain triple
alternating sums with infinite limits of summation, which are quite difficult to
compute or estimate. This problem is especially critical in the dynamic theory of
crystal lattices, where computation or estimation of Ewald lattice sums is
necessary. In [7] these triple sums are substituted with integrals, but such
substitution results in the error, the magnitude of which is not known.
Comparison of the results obtained in [1,3] and in the present study leads us to
the following conclusion. If the resonance values of functions

E,ﬁ{(M) (kacw/ec U, ), ng)M (kaw/ec ,uc) (eq.(13)) are found experimentally using
fine structure of the internal field in spheres, then the components
oz (7). O (7

cc' cc'

) containing the Ewald sums can be determined from

€q.(24) and the experimental estimates of the sums can be obtained.

CONCLUSIONS

In the present paper, a novel approach to derivation of the structure functions
describing structural electromagnetic interactions in the system of resonant
magnetodielectric spheres is considered. A concept of structure functions of
electromagnetic interactions of magnetic and electrical types is introduced. Using
a linear lattice of magnetodiclectric spheres as an example some properties of
structure functions and lattice structure resonances are considered, along with the
effect of the latter on the internal resonances of spheres in the lattice. The
possibility for experimental estimation of structure functions is discussed.
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