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In this thesis a model involving two coupled nonlinear PDEs is developed to
study instability of a two-component metal film due to horizontal electric field and
in a high-temperature environment similar to operational conditions of integrated
circuits. The proposed model assumes the anisotropies of the diffusional mobilities
for two atomic species, and negligible stresses in the film. The purpose of the
modeling is to describe and understand the time-evolution of the shape of the film
surface. Toward this end, the linear stability analysis (LSA) of the initially planar
film surface with respect to small shape perturbations is performed. Such
characteristics of the instability as the perturbation growth rate w and the cut-off

wave number are studied as functions of key physical parameters.
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CHAPTER 1

INTRODUCTION

Directed motion of adsorbed atoms® on crystal film surface in response to
applied electric current is called surface electromigration [1]. The electromigration
phenomena was first discovered in 1861, then in 1960s was recognized as one of the
reasons for failure of the integrated microelectronic circuits (ICs). Designing reliable
advanced microcircuits was the main motivation for advancing further research in
this area. Two main parameters in designing circuits that should be considered due
to electromigration problem are the current density and temperature.

Basically there are two situations in regard to circuit malfunction. In the
first situation known as open circuit the current flow in the conducting material
would be reduced because of a void created by depletion of matter. In the second
situation, electromigration causes the atoms of a conducting material to accumulate
and create a hillock which leads to an electrical connection (a short circuit) between

two metal lines. Both situations are shown in Figure 1.0.1.

1.1. Problem Statement
Influence of substrate wetting and surface electromigration on a thin film
stability and morphology dynamics has been studied in [5] for single atomic species
diffusing on a surface (a single-component metal film), which is formulated as a
single nonlinear PDE. Following [2], we will investigate, through an elaborate

mathematical model, the effects of electromigration on morphological stability and

1An adsorbed atom (adatom) is an atom that has been adsorbed on a crystal surface from a vapor
phase or from an atomic beam and it has not yet been incorporated into a solid thus, it is mobile
on a surface.



Hillock — ‘

FIGURE 1.0.1. Damage to circuites caused by enhanced atomic flux on cir-
cuit surface: Left: Void developed by electromigration at the grain bound-
ary. Right: Electromigration piles up atoms of a conductor and cause a
hillock. (From: W.D. Nix, et al., 1992)

dynamics of a surface of a thin (thickness ~ few nanometers), multicomponent
(specifically, two-component) metal or semiconductor film. A typical system is
Al,Co;_, thin film, or a Si;Ge;_, thin film interconnection. Here z stands for
concentration of Al or Si atoms in the alloy (compound); the concentrations of both
atomic species sum up to 1 at any given time, x + 1 —xz = 1. Figure 1.1.1 shows
agglomeration of SipgGeg 1z semiconductor film into particles. This is the result of
the instability of the film surface, in this case, caused by mechanical stress in the
film.

As in [5], we assume anisotropies of the surface diffusional mobilities M; (),
i1=A, ori=DB, where A and B are two atomic species, and surface orientation
independence (isotropic) and therefore constant surface energies 7;. Here 6(s) is the
surface orientation angle, that is, the angle that the unit normal to the film surface

makes with the vertical coordinate axis z (Figure 1.1.2). This angle is a function of



FiGUuRE 1.1.1. AFM images of 10nm-thick SiggoGeg.1g alloy films an-

nealed at 850 C for (a) 1 min, (b) 5 min, (c¢) 20 min, and (d) 2 h (From:

H. Gao and W.D. Nix, 1999)
the position on the surface (assumed an open plane curve), described by the
arclength variable s. We will only consider the case of the horizontal electric field F
(which rules out the surface turning onto itself), and thus at any fixed time the
plane curve is the graph of a function z = h(x). The goal of the modeling is to
describe and understand the time-evolution of this graph. Thus we think of the
curves on the film surface as a function of not only z, but also time ¢: z = h(z,t).
Next, h(z,t) will be determined from an initial-boundary value problem for a
certain parabolic PDE. In Figure 1.1.2, n is the normal vector, Ej,. is the local
electric field (the projection of E on the surface), and j is the atomic flux vector.

For illustration, Figure 1.1.2 (b) depicts a sitiation where the electric field is

oriented in a manner that the surface will be planarized by downhill flow of atoms.

However, in Figure 1.1.2 (a) the orientation of the electric field makes the surface



(a) (b)

FIGURE 1.1.2. Sketch of the metal film curve h(z,t) in the horizontal,

constant electric field E. FEy,. is the projection of E on the surface. The

atom’s flux j on the surface is in the direction opposite to the direction

of Ejpe. (&) Ejpe = Ecos(6), (b) Eje = —E cos(6).
less planar, resulted from uphill flow of atoms. The origin of atoms’ flow in this
situation is the momentum transfered from energetic electrons (through scattering),
the effect is termed electromigration.

To simplify the model, we ignore stresses of all kinds in the film, including
compositional and heteroepitaxial stresses. We also assume the post-deposition
scenario, when the surface’s shape and the film thickness change by natural,
high-temperature surface diffusion of surface atoms (which arises due to
non-uniformity of the surface chemical potential p along the surface), and by
clectromigration-assisted surface diffusion (See Fig. 1.1.2).

Following [2] the normal velocity of the atoms on the surface is given by:

N Y
V= Q( SR ) (1.1.1)



where Q) = const. is the atomic volume and J, and Jp are the surface diffusion

fluxes of components A and B. Thus the PDE for h(z,t) is:

he=V/[cos0, cosf=(1+ hi)71/2. (1.1.2)

Accounting for the two contributions to the surface diffusion as listed above,

we write:

v

D; ; a,Ufz' vD,
D 5,0)0,(6)

Ji= = ds kT

aEyqCi(s,t)M;(0) cosb, (1.1.3)

where C;(s,t) is the component i of the fraction of species on the surface, D; is the
component ¢ of the diffusivity, The number v is the density of all species on the
surface, kT is the Boltzmann’s factor, E, the magnitude of the applied electric field,
q the effective charge of adatoms, and « = +1 is used to select either stabilizing or
destabilizing action of the field for the chosen combination of the vertical or
horizontal orientation of the field and the mobilities M;(6). The surface composition
Cp(s,t) on z = h(x,t) must be determined as part of the solution. It evolves
according to:

dCp 0Jp

(574‘05‘/:—9%, (114)

where 0 < § < 1 is the thickness of the surface layer and quantifies the “coverage”.
After the distribution Cp(s) is determined from eq. (1.1.4) at any fixed time, the

distribution of A-species, C4, is simply determined from C'y = 1 - Cp.

at



Finally, the surface chemical potential (1;) and the atoms mobility (M;(6))

are given by:

pi= Qs+l (C3), k= —hey (1+52) ™7 (1.1.5)

where ~y; are the constant surface energies, as mentioned above,

1+ B;cos? [N;(6 + ;)]

A{z 9 = 5
) 1+ B; cos? [ N;o;]

Bi = const., N;=const., ¢;=const. (1.1.6)

and 2 (C;) are the thermodynamic contributions to the chemical potentials,

written using the regular solution model of the mixture as [3, 4]

u?«l):kQYnlfz}. (1.1.7)

We linearize pf (C;) about the reference concentration C; = 1 [2] and obtain
12 (Cy) » —2kT + AKTC;. (1.1.8)

Note that eq. (1.1.6) is dimensionless. The physical origin of the anistropic mobility
is that atomic diffusion is impeded along some crystal planes, but is facilitated
along other plancs. The parameters in eqgs. (1.1.5)-(1.1.6) are described in [5].

Next, we will simplify this complicated system of equations by changing from
variable s to variable x. Using 9/9s = (cosf)0/0x = (1 + hﬁ)_l/2 0/dz and

0 = arctan (h;), we obtain:

(1.1.9)

m:4%au+a@)7

Ox  Or



vD; o\—1/2
J; = ﬁMi(hl:)(1+hj) [— ] (1.1.10)
oC - 8]
58—;9 = —(1+h2)7" [CBht 83], (1.1.11)
where
= Qb (1+12) " — 2kT + 4kTC, (1.1.12)
and
2 I
M; () = 1+ f3; cos? [ N;(arctan (h,) + ¢;)] (1.1.13)

1 + f3; cos? [ N;i]
Next, we choose hg as the length scale and h3/Dp as the time scale (where hg is the
height of as-deposited planar film) and write the dimensionless counterparts of Eqs.

(1.1.9) and (1.1.11), where we use same notations for dimensionless variables (still,

i=A,B):
) - ou _ 9C
he= o {(1+42) 1/2[MA(hz)(1—CB(x,t))(SAa ~Pap P+ Ty)  (L114)
) ac
+Mp (hs) Cp(a,0)(Sp 5 + Pa2) + T},
‘3% - (1+12) 2 [QCah- (1.1.15)
i{MB(hx)(nhg) Cp(z, t)((ng“ PBQ%)+TBQ)}]
where
= b (1+12) 2, (1.1.16)



and M; (h,) is given by eq. (1.1.13). The dimensionless parameters are:

O2vy, D; QuvD;aE h .
S, - Vi ;TF v Oq,Qz—,O,GFW—S.
DgkThj DgpkT 0 Y
and
Pi _ 4QVD1'.
Dghy

Egs. (1.1.14) and (1.1.15) form a system of two coupled, highly nonlinear parabolic
PDEs for the height (h) of the film above the substrate and the concentration of

B-species (Cp). (Recall that the concentration of A-species is C4 =1-Cpg.)



CHAPTER 2

LINEAR STABILITY ANALYSIS

2.1. Linearization of The Problem
Film surface is considered as a dynamical system (a system whose state
changes with time). In order to study the stability of the film surface under small
perturbation, by writing M (h,) = M(0) + M'(0)h,, we will linearize M (h,) about
hy =0 (a planar surface). M;(0) and M(0) will be calculated from Eq. (1.1.13) for

given f3;, N; and ¢; (see [5]). Then:

aMéih”) = aag}gzz)hm = M!(0)hay. (2.1.1)

Then, we substitute p (Eq. (1.1.16)), into eqs. (1.1.14) and (1.1.15) and after
performing all differentiations, we take h(x,t) = hg + £(x,t) and
Cp(x,t) = C% + Cp(x,t) , where £(z,t) and Cp(x,t) are small perturbations of the
base state ho=const. (planar as-deposited surface) and Cy=const. (initial
concentration of B atomic species on this surface). To linearize the resulting
equations for £ and C's we omit all nonlinear contributions, such as
€2,£€,,¢Cp,CpCp, etc.

Next, we have to choose the perturbation function. Thus, in the linear PDEs

for £ and Cp we assume:

£(x,t) = Ue*®lteke gnd (2.1.2)

Cp(z,t) = Verklteike



respectively, where U,V are constant unknown amplitudes, w is the growth rate to
be determined and k is the wavenumber. After substituting these forms we have the

following equations emerging from egs. (1.1.14) and (1.1.15):

%4 (k’2]\é{A(0)PA - k‘QC%l\44(O)PA - kQC%A[B(O)PB - 1kl\/f4(0)TA + Zk]\/fB(O)TB)
(2.1.3)

+U (~w = K*M4(0)S4 + K'CYM4(0)S4 - K*CEMp(0)Sp — k2M,(0)T4 + K> CE M, (0)Ts

- K209 M,(0)Tg) =0

V (~w - kK*QCE Mp(0) Pp + ikQMp(0)Tg) (2.1.4)
+U (-QuCY - k*CEMp(0)Sg - K*QCHMp(0)T5) =0
Equations (2.1.3) and (2.1.4) form the linear homogeneous algebraic system for
unknown amplitudes U, V. The condition of a nontrivial solution is det(A)=0,

where

—OCk? + (k2 — OCk? —ink + ifik  Cpkt — okt — CPk* + CAK2 — M2 — CAK2 — w

—QOCk? +iQfik - w —CPk* - QCNK2 - CQu
and,
Y =C, PaMa(0) =, SAMA(0) = b,
T4MA(0) =7, TaM, (0) = A, PpMz(0) =,
SpMg(0) =¥, TpMp(0) =7, TpMg(0) = X

The condition det(A)=0 is equivalent to the quadratic equation for the

growth rate function w(k):

10



0 =w? + CZkSQS 4 Mao P Mpo + Cok®QS s MaoPpMpo — CakS Py MaoSgMpo +
CokSPoAMxgSpMpo + iCok>QS A MagT s Mpy — iCok®Ta MaoSpMpy —
C3k*QTAMP 5o PpMpo + Cok*QTAMP 5o PpMpg — C2k*QPaMaoTpMPgg +
Cok*QPaMagTsMPpq + iCok?QTAMP a0 T Mpg — iCok3QTAMaoTpMPpg —
ikSQSaMaoTp Mgy — ik3QTsMP AT Mgy — Cok*wSaMag — Cok*QwPaMao +
Cok?QuPyMyg — Cok?wTAMP pg — iCokQuwT s Mag + kAwSaMag + K2wTAMP 5g +
C3kSQPpSp M3, — C2kSPpSp M3, — iCok QST M2, + iCokSSpTpM2, +
Cok*wSpMpo - C2k*Qw P Mgy + Cok?Qw Pg Mgy + Cok*wTsMPgq + iCokQwT s Mg —
1kQwT's Mpg.

The dispersion relation is the complex function, w(k) = w,(k) + i w;(k). The
analysis of w;(k) for the characteristic values of the parameters shows that
lwi (k)| < 1 for all k. Moreover, w;(k) has no effect on surface stability (from (2.1.2),
£,Cp ~ et and ew(0)t = gur(R)triwi(k)t = gwr (1)t [Cos (w; (k)t) + iSin (w; (k)t)]). The
latter form shows that only the value and sign of w,.(k) matter for amplification or
de-amplification of a perturbation. Thus in what follows, we will call w, (k) the
dispersion relation. We show the dispersion relation in Appendix 3, as it is

cumbersome. In the plots we will use w for w, (k).

2.2. Analysis of The Dispersion Relation
After assigning numerical values to the parameters of the dispersion relation
and solving the equation w, (k) = 0 we can find the positive root, k., called the
cut-off wavenumber. An example of the dispersion curve is Figure 2.2.1, where the

cut-off wavenumber is 158.114 for the typical parameter values from Table 2.1.1.

11



Physical Parameters H Typical Values Range Physical Meaning

ho 1.0x 10™°cm Fixed Initial Height of the Film
(same for V)
Q 2.0 x 10723 em? Fixed Volume of an Adatom
v 1.0 x 10"%em™2 Fixed Surface Density of Adatoms
d 2.0x10%em™* Fixed Thickness of a Surface Layer
Dy 1.5%x 1078 # Fixed Diffusivity of A species
Dp 1.5x 1076 % Fixed Diffusivity of B species
o 1.0 Fixed Sets electric field orientation
q 5.0x 1071 C Fixed Effective Charge of Adatoms
v 1V 5x10 % <V <10 | Applied Voltage
L 1.0x 107 em Fixed Lateral Extent of the Film
KT 1.12 x 10 3erg Fixed Boltzmann Factor
')'£ 2.0 % 103;% Fixed Surface Energy of A Species
'y]f3 2.0 x 103% Fixed Surface Energy of B Species
Sa ﬁ Fixed Energy parameter
SB 1—5—0—0 Fixed Energy parameter
Ta % 2;—4 <T4 < % Electric field parameter
T % ﬁ <Tp < % Electric field parameter
Ma(0) 1 Fixed Diffusional Mobility of A
Species on planar surface
Mpg(0) 1 Fixed Diffusional Mobility of B
Species on planar surface
M} (0) -3 -10 < M4(0) < -1 | Derivative of Atomic Mobil-
ity for A Species on planar
surface
Mp(0) -3 -10 < Mpz(0) < -1 | Derivative of Atomic Mobil-
ity for B Species on planar
surface
Ca(0) =Cgp(0) 05 Fixed Initial Fraction of Species on
planar surface

TABLE 2.1.1. The physical parameter values used in our study.

The surface is stable with respect to perturbations of any wavenumber if
wy(k) <0 Vk, otherwise the surface is long-wave unstable, Figures 2.2.2 (b) and (a)

shows both cases respectively. The degree of instability is measured by the width of

12
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wave instability of the film surface

FIGURE 2.2.1. Sketch of the growth rate w(k) corresponding to long-
whenever k. is larger.

(a)

the domain under the dispersion curve w, (k). Therefore, the instability is greater

(b)

FIGURE 2.2.2. Two cases of the typical growth rate w(k). (a) Long-
wave instability; (b) w(k) <0, Vk: stability.

By solving the equation dw,/dk = 0 for k numerically, we will get

kmae = 111.803, which matches the expected value kyqp = \"/—% for k. = 158.114.

Figure 2.2.3 shows the variation of the cut-off wavenumber when M, (0) and
My(0) varies between -10 and -1. As we can see k. decreases when the absolute

value of the derivative of the atomic mobility for both species increases.

13
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FIGURE 2.2.3. Variation of k. (the instability cut-off wavenumber)
Left: with change in M (0); Right: with change in M(0).

Since any change in applied voltage will affect parameters T4 and T, the
cut-off wavenumber is a function of T4 and Tg. The contour plot of the function
ke(Ta,Tg) is shown in Figure 2.2.4. To find the k. function, we plugged the typical
values of physical parameters in the dispersion relation where w as a function of k is
shown in Appendix 3. The contour plot in Figure 2.2.4 shows the overall pattern of
variation of the cut-off wavenumber with respect to T4 and Ts. However, as we can
see k. is not displayed for some values since the function k.(7T4,T5) seems to possess
a non-zero imaginary part for those values.

The variation of k. when either T4 or Tg is fixed is shown in Figure 2.2.5. It
can be seen that with the increase of Ty, k. increases, thus the surface becomes
more unstable. With the increase of T4 up to 3, the cut-off wavenumber rapidly
decreases, which makes the surface more stable.

In another attempt to derive values of k. for values of T4 and T where there
is a "white spot” in Figure 2.2.4, we substituted Ty=Tp=4, as well as other
parameters, into the dispersion relation w(k), and plotted this function (Figure

2.2.6). In this approach, it can be seen that k. is well-defined real value. Thus

14



additional study, perhaps using increased numerical precision, should be undertaken

in the future to resolve the ambiguity in determination of missing k. values.
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FIGURE 2.2.4. Contour plot of k.(T4,T5)



: 7007
460+
600
440}
500
< ol -
400} “; 1 400
‘i
380 Lo 300 i
0 2 4 6 ] 0 2 4 6 3
T, Ty

FIGURE 2.2.5. Variation of k. (the instability cut-off wavenumber)
Left: with change in T4 (T =4); Right: with change in T (T4 = 4).

~100000

FIGURE 2.2.6. Longwave instability (k.) for T4y =4 and T =4
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CHAPTER 3

CONCLUSION AND FUTURE WORK

Chapter one started with physical definition and applied examples of
electromigration, then we stated the problem of surface electromigration in the
two-component metal films, where electric field is horizontal.

In chapter two, after linearizing two PDEs from first chapter, we used the
perturbation method for linear stability analysis of the coupled PDE model. In the
method we used a small perturbation of the initial film thickness and the initial
concentration of B-type atomic species. Then we derived the dispersion relation by
solving the growth rate function. The dispersion curve has a characteristic
long-wave shape. Finally, we studied the variations of the cut-off wave number with
physical parameters. We found that the surface stability decreases with the increase
of the absolute value of the derivative of the atomic mobility for both species. Also,
the surface stability decreases with the increase of applied voltage.

Investigating impacts of electromigration in the presence of both horizontal
and vertical clectric fields may be worth future work. Studies of the same problem

by considering mechanical stresses in the film would be also interesting.

17



APPENDIX 1: BASIC MATHEMATICA CODE FOR LINEARIZATION

OF THE FIRST PDE (EQ. 1.1.14)

up = (1+(h'[x])z)%(—h"[x] (1+h'[x]2)‘1)

Max =D [ua, X]

M = (1+ (h'[x])z)% (—h"[x] (1+h'[x]2)")

Msx = D[us, x]

Ma[B'[x] _] := Myo+MPao h ' [x]

Mp[h'[x] _] :=Mgo+MPg xh'[x]

rhsEQl4=D[((l+(h‘[x])z)%*(Ma[h'[x] % (1-C[x]) # (S * tax - P # D[C[x], X]) +
Mg[h'[x] _] #C[x] % (S * Upx + Pz *D[C[x], x]) +
Ta*Ma[h'[x] _] (1-C[x]) +TaxMa[h'[x] _] *c[x])], x]

rhsEQ14 = Simplify [rhsEQ14]

rhsEQ14 = rhsEQ14 /. {h'[x] +§'[x], h''[x] > &' [x],
h''i[x] € [x], h'' U [x] > &' [x], CF [x] _,e.[x]'c..[x]_,é..[x]}

rhsEQl4 = Simplify [ExpandAll [rhsEQ14]]

dl = Series[ < {€'1x1, 0, 3)] // Normal;

(1+&7x12)
a2 =Series[(1+§’[x]2)%, (£'1x1, 0, 3}] // Normal;

i B

rhsEQ14 = Simplify [:hsEQ14 I { adl, (1+&[x]?) 55 d2}]

(1+&x1?)"
rhsEQ14 = Simplify|
rhsEQ14 /. {£[x] »ex£[x], £ [x] »ex& [x], € [x] »ex&"[x], £ [x] »exE® [x],
g@® [x] » € * £ [x], e[x] - € *e[x] 7 é/[x] =€ *e)[x] 5 &”[x] =€ *6” [x]}]

rhsEQ14 = rhsEQ14 /. Table[e' - 0, {i, 2, 20}]

rhsiEQl4 = rhsEQ14 /. e~ 1

18



APPENDIX 2: BASIC MATHEMATICA CODE FOR LINEARIZATION

OF THE FIRST PDE (EQ. 1.1.15)

Ma= (14 (h'[x])z);_’ (-p'ix (1en0x12)7)
Max = D[ua, x]

= (14 (h'[x1)2) 7 (-r'rmx (1enrx12)7)
Mpx = D[up, x]

My[h'[x] _] 1= My +MPao#h' [x]

Mg[h'[x] _] :=Mgo+MPg +h'[x]

WL=D[Ma[h'[x] ] (1+ (h'[x])z)-’_‘*c[x] * ((Sa % umx+Pa % Q¥ DIC[x], x]) + Tz + Q) , x|

rhsEQLS = Simplify[- (1+ @ [x])z)_z_l * (Q%C[x] *ht-m)]
rhsEQ15 = rhsEQ15 /. {h‘ [x] »&'[x], h''[x] » &' [x],
R'''[x] > &' [x], h' ' [x] > & [x], €' [x] »C'[x], C' ' [x] » €' [x] }
rhsEQ15 = Simplify [ExpandAll [rhsEQ15]]
1
dl = series | ———, {£&'[x], 0, 3}] // Normal;
(1+§'[x]2)9/2

1
2

d2=Series[(1+§'[x]2) 7 L& [%]: 0; 3)] // Normal;

1

rhsEQLS = Simplify [rhsEQlS /. { >d1, (1+€[x]?) % dz}]

9/2

(1+€1x12)
rhsEQ15 = Simplify |
rhsEQLS /. {€[x] » e x&[x], £'[x] »ex&'[x], £ [x] »ex&"[x], €7 [x] »exE® [x],
£W [x] » € *x @ [x], é[x] - e*é[x], é'[x] - e*é’[x], é”[x] - e*e”[x]}]

rhsEQ15 = rhsEQ15 /. Table [ei 20, {4; 2; 20}]
rhsEQ1l5 = ExpandAll [rhsEQ15]

rhsEQl15 = rhsEQ15 /. e » 1
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APPENDIX 3: BASIC MATHEMATICA CODE FOR FINDING

GROWTH RATE FUNCTION USING PERTURBATION METHOD
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rhsEQ14 = rhsEQ14 /. {€[x] » (T+k) * Vet e™**, &7 [x] » - (k)2 x Vet ™ *%,

£ [x] » - (k)2 U@t X%, £1111[x] 5 k* U x et eInk'x}
rhsEQ14 = Collect[rhsEQlA, e““““‘]
1hsEQ14 = U % @ % @“*t x eI*k**

rhsEQ15 = rhsEQ15 /.

{§t SwxUxe”t ™™, T [x] » (Ixk) »Vret e =, 8" [x] » - (k)% # V x ¥t gl***>
’

§'|[x] _'_(k)Z*U*em'teI:ktxl §||yy[x]_’kl*u*emlteltkﬂx}
rhsEQ15 = Collect[rhsEQlS, e“"“t“’]
1hSEQ15 = V # w « @*F x e’****
EQ1 = rhsEQ14 - 1hsEQ14
EQ1 = Collect [EQ1, {U, V}]
EQ2 = rhsEQ15 - 1hsEQ15

EQ2 = Collect [EQ2, {U, V}]
K- ct-kcP-4kn+sdky -u—k‘|l:+k‘cw-k‘CW—kZA+k2CA-k2CX]

d = Det i p_o .
[-w-kzgcgnier_z -QwC-k‘C¥-k2QCcX

C=Cz (0)
£ =M, (0) P
¥ =M, (0) Sa

T=M; (0) Py
¥ =M (0) Sp
n=Ms (0) T
A=M; (0) Ta
X=M (0) Ty

d = ExpandAll[d /. w » (wRe + I xwIm)]
d = ComplexExpand[d]

dRe = Collect [wIm2 - wRe? - k? Q wRe Cy My Pp + k? Q wRe C3 My Pa - k? Q wRe Cq Mg Pp +
k? Q wRe CZ Mg P - k? wRe My Sa + k” wRe Co Myg Sa - k€ Q Co Mg Mg P S +
k® Q C2 Mao Mgg Pg Sa - k* wRe Cp Mgy Sp - k® Co Mag My Pa Sp + k® C2 Mag Mg Pa Sp +
k® CZ M2, P5 Sg - k® Q C3 MZ) Py Sg - k Q wIm Co Mag Ta - k2 wRe MP,q Ta + k? wRe Co MPyo Tp -
k* Q Co Mgo MP,, P3 Tn*k‘ch Mgy MP,o P Ta -k Q wIm Mg Tp +k Q wIm Co Mo Tp -
k2 wRe Co MPy, Tg - k* Q Co Mpg MPyg Pa Tp + k* Q C2 Myg MPy, Pa Tg, wIm]
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dIm = Ccllect[
(-2 wImwRe - k? Q WImCo Map Pa + k? Q wIm CZ My Py - k2 Q wIm Co Mg P + k% Q Im C3 My Pg -
k* wIm My Sa +k® @Im CoMpo Sa - k* @ImCo Mgy Sp + k Q wRe Co Mpg Ta - k2 wImMPyo Ty +
k2 wIm Co MPpao Ta + k> Co Mag Mg Sg Ta + k Q wRe Mgy Tp - k Q wRe Cq Myg Ts -
k? wIm Cy MPgy Tp + k® Q Mg Mgy Sa Tg - k® Q Co Mpg Mgg Sa Tp - k® Co M2, Sp T +
k®QCo MB, Sp Tp + k® Q Mao MP g Ta Ts - k* Q Co Mo MPyg T Ts + k° Q Co Mag MPgo Ta Ts) , @Im]

solIm = Simplify[Solve[dIm == 0, wIm]]

wImm =
- (k (-9Mgo (wRe +Xk* Myg Sa + k* MPyo Ta) T +Co (Mao (-k* (-1 +Q) Mgy Sz +Q (wRe +k* MP,,
Ta)) Ts -Mao (-k* QMg Sa T + Ta (QwRe + k* Mgy Sp +k* QMP Ts) ) ) ) ) /
(2 wRe - k2 QCZ (Mpo Pa + Mg Ps) +k Myp Sa + k2 MR Ta + k2 Cg
(Mao (QPa-k?Sa) + Mgy (QPs +k*Sg) - MPyo Ta +MPgo Ts) )

dRe = Simplify[dRe /. wIm -> wImm]
dRe = ExpandAll[dRe]

dRe = Simplify[dRe]

dRe = Collect [d.Re, mRe‘]

solRe = Solve[dRe == 0, wRe]

1
W= — (-szQCaMMP,+8k2QCSMADPA-8k2QC0MBOPB+8szC§MNPB-Bk‘Mm 8y 4
16

8 k* Co My Sa - 8 k* Co Mg S - 8 k% MP,g Ta + 8 k% Co MPRg Ta - 8 k% Co MPyo Ts +
-\/((-8kzQCOMAOPA+8kzQCSMMPA-BszCoMBDPB+8k2QC%MBOPB-Bk‘Mm Sa +
8k‘ccu,wsA-sk‘cou,,osg—skzmm'r,wkzcommT,-skzcum:w-rs)’+
32 (-k‘QZC%M.ioP,z\a-Zk‘Qzanﬁopﬁ-k‘chsuinPi-Zk‘QZClﬁMMMBuPAPB+

4 k* Q% C3 Mpg Myg Pa Pg - 2 k* Q2 Cf Mag Mg Pa P - k* 02 C2 M2 P2 +

2k Q? c3 M2, PZ - k* Q% C§ M2, P2 -2 k® Q CoMZ, Pa Sp+ 4 k® QCZ M2 Py Sa -

2k®QC3 M2 Pa Sa-6k®QCoMugMag Ps Sa + 8 k® Q C2 Mag Myg Pg Sy -

2 k® Q C3 Mg Mno Pg Sa - k® M3, 82 +2 k® co MZ, S3 - k® cZ M2 sZ -

4 k® Co Mpo Mg Pa S + 4 k® C2 Mpo Mg Pa Sp - 2 k® Q CZ Mpo My Pa Sp +

2 k® Q C3 Myo Mg Pa Sp + 4 k® C3 M2 P S - 6 k® Q C2 M2 P Sp + 2 k® Q C3 M2, Py Sp -

2 k® Co Mag Mg Sa Sg + 2 k® CF Mag Mgg Sa Sp - k® C3 M2, SZ - 2 k* Q Cg Mag MPag Pa Ta +

4 k* Q Cf Myo MPao Pa Ta - 2 k* Q CJ Mao MPao Pa Ta - 6 k* Q Co Mgg MPpo Py Ta +

8 k* © C§ Mao MPo Ps Ta - 2 k* Q CJ Mao MPao Py Ta - 2 k® Mao MPao Sa Ta +

4 k5 Co My MPpo Sa Ta - 2 k® C2 Mg MPo S Ta - 2 k® Co Mgg MP Sp Ta +

2 k® C2 My MP, Sp Ta - k? Q% C2 M2, T2 - k* MP2, T2 + 2 k* C, MP3, T2 - k* c2 MP2, T2 -

4k* Q Co Mo MPgo Pa Ts + 2 k* Q Cf Myo MPgo Pa Ta + 2 k* Q CF Mag MPgo P Ta -

2 k* Q Cf Mgy MPy, Pp Tp + 2 k* Q C3 My MPpg Py T - 2 k Co Mg MPg Sp Ts +

2 k® C2 My MPg Sa Ta - 2 k® C2 Mgg MPgg Sg Ts - 2 k% Q2 Co Mpg Mgo Ta T +

2 k2 Q2 C2 Mo Mpg Ta Tp - 2 k* Cp MPao MPgg Ta Tp + 2 k* C2 MP,o MPy, Ta Ts -

k2 Q% M2, TZ + 2 k? Q% Cy M2, TE - k? Q? CZ M2, TZ - k* CZ MP2) T2 +

\/((k‘chguﬁnpﬁ-zk‘ 02 c3 M2, P2 + k* 0? C M2, P2 + 2 k Q2 CZ My Mgy P g -
4 k* Q% C3 Mpg Mg Pa P + 2 k* QF Cf Myo My Pa P + k* Q% Cf M2, PZ -
2k*Q2cIMZ P2+ k! Q2 CEiM2 P2 +2 k5 QCy M2, PaSa-4 k5 QCE M2 Py Sy +
2k®QC3M;, Pa Sa + 6 k®Q CoMag Mgo Ps Sn - 8 k® Q C) Mag Mao P Sa +
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2k®QC) My My Pg Sa +k® M%, S5 - 2k® Co M3, % +k®C M S3 +
4 k®Co Mo Mpg Pa Sp - 4 k® C2 Myg My Pa Sp + 2 k€ Q C2 My Mg Pp Sp -
2k6QC) Myo My Pp Sp -4 k®C2M2, Ps Sp + 6k QC2 M2 Py Sp -
2k®QC3 M2, Pg Sp + 2 k® Cy Myp My Sa Sp - 2 k® C2 Mg Mpg Sa Sp +
k® C2 M2, S2+2k* QCoMygMPyo Pa Ta - 4 k* QC2 Myg MP,o Pa T +
2 k* Q CF Mag MPyo Pa Ta + 6 k* Q Co Mag MPpo Ps Ta - 8 k* Q Cf Myo MP Py Ta +
2k*QC3 Mgy MP,o Pg Ta + 2 k® Myo MPo Sa Ta - 4 k® Co Mg MPo Sa Ta +
2 k® C} Mag MP,o Sa Ta + 2 k® Co Mgo MPp Sp Ta - 2 k® CJ Mg MP,g Sp Ta +
k2 0? c2 M2, T2 + k? MP2 T2 - 2 k* Co MPZ, T2 + k* CZ MP2 T2 +
4k“QCoMpg MPyo P Tp - 2 k* Q Cf Mag MPyo Pa Tp ~ 2k Q CF Mao MPyo Pa Tp +
2 k* Q C§ Mg MPy) Ps Ts - 2 k* Q CF Mg MPg Py T + 2 k® Cp Mag MPyo Sp Ts -
2 k® C} Mg MPgg Sa T + 2 k C Mgg MPy Sp Ts + 2 k? Q° Cp Mag Mg Ta Ts -
2 k? Q% Cf Myg Mgg Ta Tp + 2 k" Co MPg MPgo Ta Tp - 2 k" Cf MPo MPgy Tp Ts +
k2 Q? M2, T2 - 2 k2 Q? Co M2, T2 + k2 Q* C2 M2, T2 + k* cgwgomg)z_

16 (k“’ 0° C3 M3 Mg PZ P Sa - 3 k'° Q3 Cf M3, Mgo PZ Py S, +3k10 Q3

C5 M3, Mgg P2 Py S, - k20 Q% C§ M3 My P2 Py S +2 k° 9% €3 M2 M2 P, P2 S, -
6 k% Q° c§ M2, M2; P5 P2 Sa + 6 k1° Q% CJ M2 M2 P, PZ S, - 2 k10 @3 C§ M2 M2

Pa P2 Sa + k1% 0% C3 Mpo M3 P3 Sa - 3 k10 Q3 C& My M3, P3 S5 + 3Kk10 Q3 C3 My

M3, P3 Sa - k10 Q3 C§ Mg M3, P3 Sa + 2 k12 02 C2 M}, Mg, P, Pp S2 - 6 k2 Q% C3

M3, Mgo Pa Pp SZ + 6 k*2 Q% C§ M3 Mgg Pa Pg SZ - 2 k2 0% CJ M3 Mpo Pa Pp S3 +
2% 0 M, M, 2 53 - 6 1% 07 3 i, e, E 5]+ 6 1 0° e, M, P s -
2 k2 9? cj M2, M2, P2 S2 + k' Q Co M3 Mg Py S} - 3 k' Q CZ M3 Mpo Pp S} +
3k 03 M}, My, P S3 - k14 0 Ci M3, Myg Ps 83 + k10 02 €3 M3, My, P3 S5 -

3 k10 Q2 c§ M3, Mg P3 Sp + 3 k0 02 € M3 Mo P3 Sp - k10 02 C§ M3, Mgo P3 Sp +
2 k% 2 c3 M2, M2, P2 Py Sp - 7 k!0 Q% cf M2 M2 PZ P Sp + k10 Q% cf M2 M2 P2
Pp Sp + 8 k1% 92 C3 M2, MZ, P2 Py Sp - 2 k10 Q3 ] M2, M2, P2 Py Sp - 3 k!0 @?

c§ M2, M2, P2 Py Sp + k*° ° C§ MZ; M2 P2 Pp Sp + k' 02 C3 Mpo M3 Pa P2 Sp -
5 k° % C§ Mao M3, Pa P Sp + 2 k' Q° Cf Mpo M3, P4 PE S5 + 7 k'° Q* C3

Mag M3, Pa P2 Sp - 4 k'° Q® C Mpo M3 P P2 Sp - 3 k2% Q% C§ Mpo M3, P5 P2 Sp +
2 k% Q3 C§ Myo M3, Pa P2 Sp - k1° 02 C§ M3, P3 Sp + k10 Q° cd M3 P2 Sp+
2 k1 Q% cj Mj, P2 Sp - 2 k*° 03 C Mi, P3 S5 - k0 Q* C§ Mf; P2 Sp +
k10 @3 c§ M, P3 Sp + 2 k12 QC2Z M3, Mg, P2 S Sg - 6 k2 Q C3 M3, Mgy P2 Sa Sp +
6 k2 Q C§ M) My, PZ Sp Sp - 2k'2QC) My Myg P2 S Sp +2k'2QC2 M2 M2 P

Ps Sa S - 8k'2QC3 M2 M2  PaPgSaSp+4k'2Q?CIM2 M2 PyPsSySp+
10 k*2 9 cf M2, M2, Pa P Sa Sp - 8 k12 2 Cf M3, M2, Pa Ps Sa Sz - 4 k12 Q] MZ,

MZ, Pa Pg Sa Sp + 4 k2 Q? C§ M2, M) Pa Py Sa Sp - 2 k'2 Q C3 My, M3, P2 Sa Sp +
4 k2 % C3 Mo M3, P2 Sa Sp +4 k12 QC§ Mo M3 P2 S, Sp - 8 k1202 C}

Mao M3, P2 Sp Sp - 2 k2 Q C§ Mpo M3 P2 S, Sp + 4 k2 Q% C3 My M3, P2 S, Sp +
k% Co M3, My Py S2 Sp - 3 k! C2 M3 My P S2 Sp + 3 k' CJ M3, My, Py S2 S5 -
k4 cd M3, My, Pa S2 Sp - k4 C2 M2, M2, Pp S2 Sp + 3 k!4 Q C2 M2, M2, Py S2 Sp +
2 kM c3 M2, M2, Pg S3 S - 6 k!4 9 C3 M2, M2, Py S2 Sp - k¥ c§ M2, M2, Py S2 Sp +
3 k™ gcf MZ, M%) Py S3 Sp +2 k2 QC3 M3 M3 PZ SZ - 4 k% Q Cj M3, M3, P3 S +
2 k% 0 C3 M}, M3, P SE + 2 k2 Q CF Mao M3y Pa Ps S3 - 6 k'% Q Cf Mag M3,

Pa Pp S2 + 2 k2 Q? C§ Myo M3 Pa Py S2 + 4 k2 Q CJ Mpg M3, P5 Ps SZ -

2 k2 9% Cj Myo M3, Pa Py S3 - 2 k2 Q C§ M, P2 s2 + 2 k*2 9? c§ M3, PZ S2 +

2k Qcg M3, PZ SZ -2 k2 Q% c3 Mi, P2 S + 2 kM CZ M2, M2, Pa Sx S -

4 k™ 3 M3, M, Pa Sa S3 + 2 kM Cf MZ) M3, Pa Sa ST - 2 k' Cf Myo M3, P Sa S3 +
3 k™ Q CJ Mp M3, Pg Sp S3 +2 k** Cf Mg M3, P5 Sp S5 -
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3 k™ QCJ Myo M2, Pg Sa S3 + k' C3 Myo M3, Pa S3 - k™ C§ Mo M3, Pa S3 -

k% cf Mi, P5 S3 + k' 9 Cf M} Ps S+ k® Q% C3 M2 Mpy MP, PZ Pg Ta -

3 k® Q3 Cf M2, Mgo MP,, P2 Pg Ta + 3 k® Q% C§ M2, Mgy MP, P4 Py Ta -

k® Q% C§ M2 My MP,o P2 Py Ta + 2 k® Q3 C3 Myo M2, MP,, Pa P2 Ta -

6 k® Q% C§ Mpo MZ, MP,, Pa P2 T + 6 k® Q° Cj Myo M2, MP,, Pa P2 T, —

2 k® Q% C§ My M2, MP,, Pa PZ Ty + k® Q% C3 M3, MP,, P3 Ts -

3 k® Q3 Ccf M3, MP,, P3 Ta + 3 k® Q% CJ M3, MP,, P3 Ta - k® Q° C§ M3, MP,, P3 Ty +

4% Q2 CZ M2, Mgy MP, Pa Py Sa Ta - 12 k07 C3 M3, Mg MP,o Pa Pp Sa Ta +

12 k*° 02 Cf MZ, Mgy MPo Pa Pp Sa Ta - 4 k0 Q% C§ M2, Mo MP, P Pg Sa Ta +

4 k™ Q? CZ Mg M3, MP,, P2 Sz T - 12 k0 Q% CF My M2, MP, P2 S Ta +

12 k% Q2 C} My M2, MP,, P2 Sa T - 4 k20 Q% C5 My M2, MP, P2 S, Ta +

3 k2 Q Cy MZ; Mgy MP,, Ps S2 Ta - 9 k% Q C2 M2 My, MP,, Pp S2 Tp +

9 k2 Q C3 M3, Mgy MP,o Pp S3 Ta - 3 k2 Q CJ M3 Mgy MP,o P S3 Ta +

2 k% Q C2 M2, Mo MP,, P2 Sp Ta - 6 k' Q C3 M2 My, MP,, P2 S Ta +

6 k' Q Cf MZ, Mgy MPag P Sp Ta - 2 k' Q C5 M3, Mgy MP,g P Sp Tp +

2 k% Q C2 My, M2, MP,, Pa Py Sg Ta - 8 k% Q C3 Myg M2, MP,, Py Pg Sp Ta +

4 k0 02 C3 M, M2, MP,, Py Py Sg Ta + 10 k*® Q Cf Mo M2 MP, P5 Pg Sp Ta -

8 k1% 02 C4 My M2, MP,, Pa Py Sp Ta - 4 k% Q C3 Mo M2, MP,, P Pp Sp Ta +

4k Q% C3 Myo MZ) MP, Pa Py Sg Ta -2 k*° QC3 M3 MP,, P2 Sp Ty +

4 k° Q% C3 M3, MPao P2 Sg Ta + 4 k'° Q C§ M3, MP,, PZ Sp Ta - 8 k% Q% C§ M3,
MP,, PZ Sg Ta - 2 k!% Q C3 M3) MP,, P2 Sp Ta + 4 k% 0% C3 M3 MP,, P2 Sp Ta +

2 k*? Cy MZ Mg MPyo P Sa Sp Ta - 6 k2 C M3, Mgy MPao Pa Sa Sp Ta +

6 k2 C3 M2 Mg MP,; Pa Sa Sp Ta - 2 k2 C§ M2, Mg MPpo Pa Sa Sg Ta -

2 k2 C2 Myo M2, MP,, Pg Sa Sp Ta + 6 k2 Q C2 My M2, MP,, Pp S Sp Ta +

4 k™ CJ Mo M2, MP,, Pg S Sg Ta - 12 k*2 Q C3 M,o M2; MP,, Py Sa Sp Ta -

2 k2 C8 Mpg M2, MP,, Ps Sp Sg Tp + 6 k*2 Q C§ Mo M2 MP, Pg Sp Sp Ta +

2 k' C} Mag Mo MPpo Pa S3 Ta - 4 k2 C3 Myo M2, MPo Pa S Ta +

2 k2 C§ Mag M2, MPyo Pa S2 Ta - 2 k2 C3 M3, MP,o P S3 Ta + 3 k2 QC3 M3,
MPjo Pg S Ta + 2 k' C§ M3) MP,q Pg S Ta - 3 k2 Q C§ M3 MP,o P S3 Ta +

2 k® Q% CZ Mpg Mgo MPZ, Pa Py TZ - 6 k® Q2 C3 My Mgg MPZ, Pp Pp T2 +

6 k® 0% Cf Mpo Mao MP3, Pa P T} - 2 k® Q% C§ Mao Mao MP, Pa P T} +

2 k® 9% cf M3, MY, PE T3 - 6 k° Q7 CF M3, MPY, PE T + 6 k° 07 Cf MZ, MP},
P2 T3 - 2 k® Q% C§ M2, MP2, P2 T3 + 3 k'° Q Cg Mag Mgg MPZ, Pg Sa T -

9 k*® Q CZ My Mgy MP2) P Sa T% + 9 k'© Q CJ Mpo Mgy MPZ, Py S, Tz -

3 k% Q C§ Mpg Mgp MPZ, Ps Sa T2 +k® Q2 CJ M3 Mgq Pa Sp T2 - k® Q2 C§ M3, Mgy
Pa Sg TZ + k% Co Mpg Mpo MP2) P, Sp T2 - 3 k% C2 Mpo Mgg MPZ) P Sp T2 +

3 k% C3 Mpo Mao MP2, Py S TZ - k° C§ Mo Mgg MPZ Pp Sp T2 +

k% Q? c3 M2) M2 Py Sp T2 - k® Q2 C& M2, M2, Py Sp T2 - k1° C2 M2) MP2, Py Sp T2 +

3k Q C3 M2, MP%, Pg Sp TZ + 2 k'° C3 M2, MP2 Py Sp T2 - 6 k*° Q C3 MZ,
MP%, Py Sg T2 - k*° C§ M3, MP2, P Sp T2 + 3 k'° Q C§ MZ, MPZ Py Sz T3 +

k% 0 C2 M3, Mgy Sa Sp T2 -k!° Q C3 M3, Mgo Sa S TZ - k0 c2 M2, M2, S2 T2 +

k'° @ 3 M2, M2, S2 T2 + k® Q Co Mgy MP3 P Tj - 3 k® Q CZ Mpo MP3( P T} +

3 k®QCJ Mgy MP} Py T - k® Q C§ Mgo MP3, Ps T3 + k® Q CZ M2 Mgg MPo Sp Tj -

k® QC3 M2) Mpo MPy, Sp Tj +k® Q% C3 M3, MPy, P3 Ts - 3 k® Q3 C§ M3, MPgo P} Ts +

3 k® Q3 C3 M3 MPy, P; T - k® Q3 C§ M3 MPy, P} Tp + 2 k® Q° C3 M2 My, MPy, PZ
Pp Ts - 6 k® Q° C§ M3, Mgo MPgo P} Ps Ts + 6 k® Q° CF M3, Mpg MPgg P} Py T -

2 k® Q3 C§ M2 Myo MPy P2 Py T + k® Q% CJ Mo M2, MPy, Pa PZ Tp -

3 k® Q3 C§ Mpo M2 MPyq Pa P2 Tg + 3 k® Q% CJ Mo MZ) MPy, Py P Tp -

k® Q% C§ Mpo M2, MPy, Pp P2 T + 2 k% Q2 C2 M3 MPy, PZ Sp Ts -
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6 k10 g b
k'® 0% C3 M3, MPy, P Sa Ts + 6 k'° Q% C§ M3
210 07 C3 168 3 Mio MPgo P} Sa Tp -
C5 M3, MPg, P3 Sa Ts + 2 k0 Q% 2 M2 B
410 g2 3 2 o Mo Mao MPgo P P Sp Tg -
3 Mio Mo MPg, Pa Py Sa Ts + 2 k' 0% €5 M} i
210 ? 3 > A %8 Q° Cg Mjo Mgo MPgq Pa P
3 Mao M2, MP5, P2 Sx Ty - 4 k0 0% C§ 2 B Ee STt
2 k% Q% C§ Mag M, MPy, P Sa Tp + k2 gMAO D B
B0 P5 Sa Tp + Q Cy Mz, MP, 2
12 o 2 9 B -
311: QC2 M3 MPy, Py S2 Tp + 3 k12 Q C3 M3 ;; ;aS:SATa
4 ¢ -
k QcoMiomBOPASiTsi-ZkuQCzMZm <A s
PP § MZ) Mg MPg Pg S} Ts -
5 M2, Mg MPy Py S3 Tg + 2 k'2 Q C M2
2% e a2 3 Mao Mao MPg P S3 T
3 M2, Mg MPy, P2 Sp T + 2 k0 Q2 C3 M2 il
4k gcim? 0 € Mo May MPog B3 Sp T
UMAOMBﬂmgopinga—dklu 2 cd M2 e s
2145 o eyl Q% C§ M3, Mgy MPyo P} Sp T
5> M2, Mgy MPy P2 Sp Tg + 2 k0 Q2 5 M2 o .«
pydigrs 5 2 Se Ts Q2 Cj M2 My, MP, P2 S
Q C3 My M2, MP, P Pp Sp Ts + 2 k% Q% C3 it e
oy Piste. % s Sp Tp + 2 k% Q2 C3 My M2, MP, Py P
A - i e o MP5o Pa P Sp T -
poy o 2 s Tp - 2 k*° Q% C§ Myo M2 MP, P
0.C3 Mag M2, MPyo P Py Sp T - R0 P 0 MPgo Pa Pg Sg Tp +
2k g2 o4 2 o B Q Cj M3, MPg P Sp Tg +
3 M3 MPgo P Sp Ts + 2 k0 0 CF M3, MPy, P} o
2K 0% C 162 5 0 Mo MPgo Pj Sp T —
3 Mao MPgo P Sp Tp + 2 k2 C3 M2
B s c2 M2, My, MP
2k g2 12 20 Mo MPo P Sa Sg Tp +
2 MZ) Mgy MPg, Pa Sa Sp Tp - 4 k2 C3 M2 -
- s Tp - 4 k™ Cj My, Mgy MPgo P S
. Q C3 MZ; Mgo MPgo Pa Sa Sp Ts +2 k% C§ M, M, e,
2
2 k'? Q C§ M, Mgy MPg Pa Sp Sp T - 2 k*? Cg - :0 AT
1 B M,
S S g e s o 2 no Mao MPgo P Sa Sg Tp +
axi2gct 2 s Ta + 216°% Cf Mag M3 Mgy Py S S
3 Mag M3, MPgo P Sa Sp Ts + 2 k% C3 ore e
byt : s Ts + 2 k12 C3 Mag M%) MPyo Pp SE T
> Mao M3, MPyo Pa S2 T - 2 k2 CJ 2 s
k2 ocs N, 2 DMMMBOMP“PASZT -
S Mag M2, MPg, Pa S Tp - 2 k2 C§ M3 2 =
PO et * o Mgo MPgo Ps S5 Ts +
4 M3, MPy, Py S2 T + 2 k® 02 C2 M2
6 k® Q2 C3 M2, MP,, MRy, PZ T :MMP“MP“P““TB_
a0
2 k8 Q% C3 M2 50 P Ta Ts + 6 k° Q7 C§ My, MPg MPgo PY T
5 M2, MP,, MPy, P2 Tp T +2 k® Q2 C2 )
PRppe: A B Q% C§ Mo Mgy MP,, MP;, P
3 Mpo Mgo MP,o MP5, P Py T Tp + 2 k® Q7 C§ e e
Ta To + 2 k° Q2 C3 M2, MP,, MP pzTBT Qs A g
o 80 P23 Ta Ta - 4 k® 0 C{ M2
2k°Q cougomnowgoPéTaTg+kBQ3c2 3 OMBOMPAOMPabpéTATsi-
28 0% G2 3 0 Mao Mao Pa Sa Ta Ts -
3 Mao Mao Pa Sa Ta T + k® Q% C§ M} :
5500 g 38 0 Mao Mo Pa Sa Ta Tp +
o Mpo MPpo MPpo Pa Sp Ta T 10 6 2
s -o- A Ta Ta - 6 k*° Q C3 MZ, MP,o MPy, P
QC3 M2, MP,o MPgo Pa Sa Ta Ta - 2 k' Q C§ M MBS I
k® Q% C2 M2, M2 A Co My MEsu MPooiBx S
3 MZ, M2, Pg S Ta Tp - 2 k® 0% €3 MZ, M ST
1 0P 12 32 0 Mo Mo Ps Sa Ta Ts +
o M7, M2, Ps SaTa Tz +4k°QC M
Iy 0 Mao Mgo MPo MPgo P Sp T
2 Mao Mo MP o MPg, Ps Sa Ta Ts +4 k' 0 Cf o7 Sa T e
Ps Sa Ta Tp + k10 02 Co M3 P S on e N Ao
X1 02 3 M3 riligs o Meo S3 Ta Ts - 2 k7° Q% Cf M3, Myo S3
coMaoMsosnTnTs+keQ2C2M2 Mg B 58 0 Mao Mgo Sz Ta Tp +
: 0
M2, P Sg Ta Ts + k® 07 C3 MZ, M2 B4 B K T B 0 ES G
X @ O w32 3 M2, M2, Pa Sp Ta Ts + 2 k® Q2 C§ M2 M2, P
8 M7, M2, Pa Sp Ta T + 2 k'° C3 4, M P B B =
o 0 Mag Mg MPo MPo Pa S Ta T
% Mpo Mao MPao MPgo Pa Sp Ta Ts - 4 k% C3 .
Pa Sp Ta Tp - 4 k10 Q C3 Mo Mg MP, MP 0 Mag Mpo MP o MPgo
o MPao Pa S 9
MauMPAoMPsoPASBTATB-!»2k1°QC‘MBOM: :l:ATB#Zk Cg"m
8 o2 .
3 CgMAuMgDPBSBTATB_3k5Q2c3 ; a0 MPpo Pa Sp Ta Tp +
X 0° C3 M 3 0 Mao Mgp Pp S Ta Tg +
5 Mag M3, Pg Sg Ta Ts + 2 k® Q2 C§ Mao M3
6 0° Ol 1.0 165 0 Mao M5o Pp Sp Ta Ts -
8 Mag M3, Ps S Ta Ts - 2 k0 CJ MZ, MP
ol .- o Mzo MPpo MPyo Pp Sp Ta Tp +
5 M2, MP,o MPgg Pp Sp Ta Ts + 2 k0 CJ M2 :
4k oct M2 i Co Mgo MPao MPeo Po Sp T
3 M2, MP, MPg, Py Sp T Tp - k'° 2 M2 e e
k10 0 2 M2, M2 y 9 Co Mg Moy 8a S5 T Ta'=
2 M2, M2, Sa Sp Ta Tp +2 k0 02 C2 M2, M2 Ch
590 g o s agk o Mio Mzo Sa Sp Ta Ts +
0 AnMausnsBTnTa—ZkluQZC3Mz 2
o Mxo Mgo Sa Sp Ta T +



2 k' C3 Mag M3, S3 Ta T - k*® Q C3 Myo M3, S3 Ta Ts - 2 k% Q CJ My M3,
S2 Ta Ta + k'° Q% C3 Mo M3, S2 Ta Ts + k® Q% C2 M2 My, MP,o Pa T2 Tp -

2 k6 Q3 C3 M2, My MP,, Pa TZ Ts + k® Q3 C§ M2, Mgy MP,, Pa T2 Tp +

k€ Q% €3 M3 MPy, P T2 Ts - k® Q3 C§ M3 MPy, Pa T2 Ts +

k® QCo My MP2; MPy Pa T2 Tp - 3 k® Q C2 Mo MPZ) MP, Py T2 Tg +

3 k®QC} My, MP2) MPy Pa T2 Tp - k® Q CJ My, MPZ) MPy, Pa T2 Ts +

k® Q® €2 My, M2 MP,, Py T2 Ts - 2 k® Q° CJ Mo M2, MP,, Py T2 Tg +

k® Q® C§ Mpo M2 MP,, Py TZ T + k® Q% C3 M2, My, MPy, Pp T2 Tp -

k® Q® C§ M2) Mgy MPy, Py TZ Tp + 2 k® Q C2 Mgy MPZ) MPy, Py T2 Tp -

4 k®QCJ My, MPZ) MPy,, P T T + 2 k® Q C§ Mgy MPZ) MPy, P T2 Tp +

2 k® Q% Co M2 My MP, Sa T2 Tp - 4 k® Q2 C2 M2 Mgy MP,, S T2 Ts +

2 k% Q? C3 MZ, Mgo MP,; Sa T2 Ts + k® Q2 C M3, MP5 S T3 Ts -

k® Q® C3 M3, MPyo Sa T3 Tp - k® Q Co Mag Mg MPyg Sp T3 Ts -

k® 0 C2 My M2, MP,, Sp T2 Tg + 2 k® 07 CZ M,y M2, MP,q Sg T2 Tp +

2 k® Q CJ Mpo M3, MP, Sp T3 T - 2 k® Q7 CF Myo M3, MP, Sp T3 Ts -

2 k® Q C} M;, Mgy MPy, Sp T3 Ts + k® Q C3 MZ, Mgy MPy, Sp T2 Tp +

k® Q? C3 M2, Mz MPy, Sp T2 Ts + k® Q? Co Mag Mgg MP2, T3 Tp -

2 k® Q2 CZ Myo Mg MPZ T3 Tp + k° Q? C3 My Mgo MP2) T3 Tp +

k® Q% CZ M2, MP,, MPy, T3 Ts - k® 0 CJ M3, MP,q MP5, T3 Ts + 2 k® 0% C3
M}, MPZ, P3 TF - 4 k® Q7 Cf M}, MR, P} T3 + 2 k°® Q7 Cj M, MPZ, PR T3 +

2 k® 02 C3 M, Mgy MPZ, P Ps TZ - 4 k® Q% C§ M, My MPZ P, Py T2 +

2 k® Q% C§ My Mgo MPZ, P Ps T2 + k® Q3 Cp M7, M2 Pa Sp T2 -

3 k® Q3 c3 M2, M2, Pa Sa T2 + 3 k® Q° €3 M2 M2, Pa Sa TZ - k° Q° C§ M2, M2,
Pa Sa T2 + 2 k% QC2 M2  MPZ, P, Sp T2 - 4 k'° 9 Cj M2 MPZ P, Sp T2 +

2k Qc§ M2, MPZ) Py Sa T2 + k® Q% Co Mo M3, Ps Sa T2 - 3k® Q3 C2
Mo M3, Pp Sa T2 + 3 k® 0% C3 M, M3 Pp S; T2 - k® Q% Cf§ My M3, Ps Sp T2 +

k1° Q CF Mag Mo MP3, Pa Sa T4 - k'° Q CF Mag Mag MPE, Ps S T} -

K10 Q Co M, My 53 T2 + 2 110 07 C M, M, S 7 - 17 0 O] e ey S} 72 -

k® Q% C3 Mag M3, P Sp T2 + k® Q® CJ Mag M3, Pa Sp T3 +

2k®Q? C3 My M3 P, Sp T2 - 2 k% Q° C3 Mo M3, P, Sp T2 -

%% Q% C§ Mao M3, Py Sp T2 + k% Q3 C3 Mo M3, Pa S5 T2 +

k0 €3 Mao Mg MPZ, P Sg TZ + 2 k*® Q CJ Mo Mpg MPZ, Pp Sp T3 -

k0 C§ Mpo Mg MPZ, P Sp TZ - 2 k° Q C§ Myo Mpg MPZ, Pp Sp TZ -

k® Q? CZ M3, Py S TZ + k® Q° CZ M3, Py S TZ + 2 k® Q% C M3, P Sp T3 -

2k®Q%c3 Mi, Py Sp T2 - k® Q% C§ M3, Pg Sz T2 + k® Q% CJ M3, Pp Sp T2 -

k10 cd M2, MP2 Py Sp T2 + k° Q C§ M2, MPZ, Pp Sp T2 + k% Q Co Mag M3, Sa Sp T2 -

2k 02 C2 Myo M3, Sa Sp T2 - k° Q C3 Mpo M3 Sa Sp T2 +

2k Q2 CI My M3, Sa Sy T2 - k10 C2ME, S2 T2 + k100 CZ M S2 T2 +

k1% o c3 M3, s2 T2 - k1% 0% c3 M3, S2 T2 + k® Q° Cq Mg M2, MPo Py T T2 -

3 k® Q> C2 Mpg M2 MP,o Pa Tx T2 + 3 k® Q% C3 My M2, MP,o Pa T TZ -

k® Q® C§ Mpg MZ) MP,q P Ta T2 + k® 9 CZ M2) Mpy MPpq Pp Ta TZ -

2 k€ Q3 C3 M2, Mgo MPg Pa Ta T2 + k® Q° C§ M2 Mgo MPgy Pa Ta T2 +

2 k®Q C} Mag MPao MPE, Pa Ta T - 4 k® Q C3 Mag MPag MPZ, P Ta TZ +

2 k®Q C§ My MPo MPZ, Pa Ta T2 + k€ Q% Co M2, MP»o Pp Ta T2 -

3 k€ Q3 CZ M3, MP,y Py Ta T3 + 3 k€ Q% C3 M3, MPpy Ps Tp T2 -

k6 Q° Cf M3, MP,, Py Ta T3 + k€ Q° C3 Myo M3, MPy, P Tp T3 -

2 k€ Q3 C3 Mao M3, MPyg Py Ta T3 + k€ Q° Cf Mao M3, MPgg Py Ta T3 +

k® Q CF Mgy MP, MPZ, Py Ta TZ - k® Q Cf Mgy MPao MPZ; Py Ta T3 -

2 k8 Q? Co Mag M2, MPg Sa Ta T3 + 4 k® Q% CZ My MZ, MP,, Sa Ta T2 -
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2 k® Q% C3 My M2 MP, Sa Ta T3 - k® 0% Co M2, Mgy MP5 Sa Ta T +

k® Q% C2 M2 Mgy MPy; Sa Ta T2 + k® Q Co M3, MP,, Sp Ta T2 -

2 k® Q2 CZ M3, MP,, Sp Ta T2 -k® QC3 M3 MP,, Sg Ta T2 +

2k® Q2 C3 M3, MP,, Sp Ta T2 + 3 k® Q C2 Mo M2) MPy, Sp Ta T2 -

k® Q% C2 My M2 MPy, S Ta T2 - 2 k® Q C3 M, M2 MPy, Sp T TZ -

K€ OF C, M2, MR, T2 T3 + 2 K 07 €3 MZ, MB2, T3 7% - k° Q2 C M2, MPZ, T3 T -
k€ Q7 Co Mag Mg MPpo MPgg T3 T3 + k° Q% C§ Myg Mgg MP o MPg T3 T3 -

5 Q% €3 M2, MP2, T2 T2 + k© QF €3 M2, MP2, T2 T2 + k° Q C My MP3, Ba T3 -
k® Q C§ Mo MP3, Py T3 + k& Q2 Cy Myo M2) MP S, T3 -

2 k® Q% Cf Mg Mg MPgo Sa T3 + k® Q% CF Mag My MPgg Sa T3 -

k® Q€2 M3 MPy, Sp Tj +k® Q% C2 M3, MPy, Sp T3 + k® Q C3 M3, MPy, Sp T3 -
k® Q7 €3 M3, MR Sp T3 +k° Q7 Co M3, MR MPgy Ta T3 -

2 k° Q% € MZ, MP,, MPy, Ta T3 + k® Q% C3 M3, MPpo MPy, Ta T3 +

k° Q% Cf Mo Mgg MR, Ta T3 - k°® O CF Mpo Mgo MP3, Ta T3) )) ) )
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